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This work concerns infection of avian erythrocytes by 
influenza and two other viruses.
The first section investigates the production of viral 
polypeptides and infectious progeny virions from avian 
erythrocytes infected with fowl plague virus, Newcastle 
disease virus and Semliki Forest virus.
In the second section a closer examination is made of 
viral polypeptide synthesis in avian erythrocytes following 
infection with avian and/or human influenza A strains.
The third section investigates the distribution of newly 
synthesized influenza viral polypeptides between the 
erythrocyte nucleus and cytoplasm.
The fourth and fifth sections are concerned with viral 
replication in erythrocytes at different stages of 
di fferent i at i o n .
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1. Preamble
Influenza has been referred to as the 'last of the great 
plagues', a fitting description for a disease which so 
frequently rages in pandemic proportions. The term Influenza 
first appeared in 1 7*+3 and Is a corruption of an Italian 
name, 'the influence', a reference to the belief that the 
disease was caused by the Influence of the planets. However, 
the disease causing agent Is not the relative position of 
the heavenly bodies but a virus. This was first Isolated 
from pigs in 1931 (Shope, 1931) and then two years later 
from humans (Smith et aj_. , 1933). Since then the virus has 
been extensively studied, yielding much Information about 
its structure, its replication and its Immunology. Yet 
despite some progress in vaccine preparation, perhaps the 
only value of these advances to Influenza sufferers are that 
they Illustrate the difficulties of curtailing the disease.
The occurence of Influenza follows a pattern in which there 
Is a major epidemic, often of pandemic proportions, followed 
by a number of years of much lower incidence. This pattern 
can be correlated with changes in the viral surface antigens, 
haemagglut1nin (HA) and neuraminidase (NA). These antigens 
undergo radical changes, antigenic shift, or relatively minor 
but more frequent changes, antigenic drift. Radical changes 
in surface antigens often lead to pandemics. For example, in 
19i>7 the Aslan virus bearing surface antigens previously 
unrecognised in man (designated H2 N2) replaced viruses of
2the HI N1 antigen subtype which had been prevalent since 
1946. (The 1971 recommendations of an expert group of the 
World Health Organisation regarded HI as a distinct subtype 
which in 1946 replaced the HO subtype. HO had been prevalent 
since 1932. However, HO and HI appear to be antigenical 1y 
rel a ted (Schi Id, 1970; Baker e£ » 1973 ; Sch i 1 d et_ al . , 
1980) and therefore it has been proposed that they be 
reclassified as belonging to the same subtype (Sch i1d et a 1., 
1980)). There followed the largest influenza pandemic 
recorded since the 1930's. After 1957 the incidence of the 
disease dropped markedly and remained at a relatively low, 
but constant, level until 1968. During this time influenza 
virus isolates were all of the H2 N2 subtype, having under­
gone only minor changes from the original. However, in 1968 
a major shift was detected in the HA antigen. This new 
subtype, Hong Kong (H3 N2), was responsible for an epidemic 
in America in 1968 and for an epidemic in Britain in 1969.
There are three principal suggestions for the origin of new 
subtypes. The first is that there is some animal acting as 
a reservoir for new viruses. That this may be feasible is 
shown by the case of Fort Dix in 1976 when a swine influenza 
strain was transferred to man. However, this transfer was 
epidemically abortive. The second is that new viruses might 
occur through mutation of existing human strains. Such a 
hypothesis would demand multiple changes in the genes coding
2the HI N1 antigen subtype which had been prevalent since 
19^6. (The 1971 recommendations of an expert group of the 
World Health Organisation regarded HI as a distinct subtype 
which in 19^6 replaced the HO subtype. HO had been prevalent 
since 1932. However, HO and HI appear to be antigenical 1 y 
related (Schi 1 d , 1970; Baker e£ a_l_. , 1973; Schi 1 d e£ a]_. , 
1980) and therefore it has been proposed that they be 
reclassified as belonging to the same subtype (Sch i 1 d et al . , 
1980)). There followed the largest influenza pandemic 
recorded since the 1930's. Af.er 1957 the incidence of the 
disease dropped markedly and remained at a relatively low, 
but constant, level until 1968. During this time influenza 
virus isolates were all of the H2 N2 subtype, having under­
gone only minor changes from the original. However, in 1968 
a major shift was detected in the HA antigen. This new 
subtype, Hong Kong (H3 N2), was responsible for an epidemic 
in America in 1968 and for an epidemic in Britain in 1969.
There are three principal suggestions for the origin of new 
subtypes. The first is that there is some animal acting as 
a reservoir for new viruses. That this may be feasible Is 
shown by the case of Fort Dix in 1976 when a swine influenza 
strain was transferred to man. However, this transfer was 
epidemically abortive (Top and Russell, 1977). The second is 
that new viruses might occur through mutation of existing 
human strains. Such a hypothesis would demand multiple 
changes in the genes coding
for the surface antigens. For instance, amino acid sequence 
analysis has shown that there are major differences in the 
HA polypeptide between the Hong Konginf1uenza strain and the 
1956 H2 N2 strain which preceded it (Laver and Webster, 1972). 
These authors concluded that mutation alone was unlikely to 
generate such major differences.
The third possibility and the one which has the most experimental 
support is that new subtypes a r i se from genetic interaction of 
existing human strains with influenza viruses of other mammals 
or bircs. Many mammals and birds are naturally infected with 
influenza A viruses (Pereira et a]_. , 1967). Mixed infections 
of cells in tissue culture (Laver and Kilbourne, 1966;
Easterday et al .. 1969; Webster, 1970) and of animals 
(Webster et_ a K  , 1973) with more than one type of influenza 
virus results in the formation of recombinant virus particles 
at a high frequency. The ease with which such recombinants 
form is due to the segmented nature of the influenza virus 
genome (see below) which readily allows the reassortment 
of genes. This high frequency recombination occurs under 
conditions resembling those of natural transmission (Webster 
e£ al_. , 1973). Furthermore, there is some evidence that the 
1968, H3 N2 subtype arose by recombination of the Asian (H2 N2) 
virus and a non-human strain related to A/Ouck/Ukraine/63 
(H av 7 Neq 2) and A/Equine/Miami/1/63 (H eq 2 Neq 2) viruses 
(Laver and Webster, 1973).
The mechanism of antigenic drift involves selection pressure 
of neutralizing antibody on mutations arising at the anti­
genic sites. After a major epidemic, herd immunity to the 
causative strain would be high. Therefore, variants arising 
through antigenic drift would have a growth advantage. This 
phenomenon can be duplicated in the laboratory by growing 
virus in the presence of limiting dilutions of specific 
antibody (Laver and Webster, 1968).
With careful virological surveillance by the World Health 
Organisation since the late 19^0's it has become possible 
to observe any re-emergence of HA or NA antigen, when herd 
immunity no longer excludes it from the human population.
Such a case was observed in an epidemic of 1977-78 when a 
strain indistinguishable immunological 1y from the classical 
HI N1 subtype appeared (reviewed by Pereira, 1979). How and 
where this strain had been preserved for twenty years remains 
a mystery.
These then are some of the properties by which influenza 
has earned the title 'last of the great plagues'. The high 
incidence of the disease (30-80% of the human population in 
a pandemic year) with its often fatal consequences for the 
old and sick justify much of the research effort into 
influenza. However, studies into how a virus, with its 
relatively small amount of genetic information, interacts
5with and controls its host cell may provide Insight, not 
only into a particular disease but also into the mysterious 
array of organisational and regulatory processes that occur 
within eukaryotic cells. The interaction of influenza with 
its host cell is particularly interesting as the virus has 
an unusual and absolute requirement for a functional host 
cell nucleus (see below). It was on the theme of the inter­
action of influenza with its host cell that the work 
presented in this thesis was initiated. Earlier work from 
this laboratory had indicated that heterokaryons formed 
between avian erythrocytes and "enucl eatecf1 B . H.K. cells (Kelly 
and Dimmock, 1974; Minor and Dimmock, 1976) could permit the 
synthesis of some but not all influenza proteins. This had 
suggested that the avian erythrocyte nucleus, which is 
metabolica11 y dormant by comparison with nuclei from dividing 
cells (see below), could provide some but not all the 
requirements for influenza replication (Kelly and Dimmock, 
1974; Minor and Dimmock, 1976).
A further, quite separate, reason for attempting to study 
viral replication in erythrocytes stems from reports that 
during and after infect ion, vi ruses of many different types, 
are found bound to or within these cells (Powick, 1937;
Traub, 1938; Schwartzman, 1944; Epstein et. aj_. , 1951;
Harrre et al_. , 1956; Mims, 1956, 1964; Overman, 1958;
Sirbu et aj_. , 1964; Bernard et aj_. , 1968; Luedke, 1970;
6Nandi and Haslam, 1971; Reilly and Schloss, 1971;
Oshi ro et_ aj_. , 1972; Emmons et al . , 1972). Should 
erythrocytes permit viral replication, i.e. that the 
association of the cells with viruses is not entirely 
passive, then this might have some relevance to the disease 
process.
Section 1 of this thesis is concerned with the production 
of viral polypeptides and infectious progeny virions from 
avian erythrocytes infected with Fowl Plague Virus, 
Newcastle Disease Virus and Semliki Forest Virus. In 
Section 2 a closer examination is made of viral polypeptide 
synthesis in avian erythrocytes following infection with 
avian and/or human influenza strains. In Section 3 the 
distribution of newly synthesized influenza viral poly­
peptides between the erythrocyte nucleus and cytoplasm is 
investigated while Sections** and 5 are concerned with the 
relationship between virus infection and the state of 
differentiation of erythrocytes.
72. Structural components of influenza viruses
The influenza viruses are divided into three types, A, B 
and C according to the serologic relatedness of their 
nucleocapsid and matrix proteins. The three types resemble 
each other in morphology (Flewett and Apostolov, 1967) with 
the A and B types having resemblances in the arrangement of 
their surface projections (Apostolov e_t aj_. , 1970; Compans 
et aj_. , 1977). All. three types contain a receptor destroying 
enzyme. However, type C viruses differ from the A and B 
types in that their receptor destroying enzyme is not an 
«-neuraminidase (Kendal, 1975). Influenza A viruses have 
been isolated from a variety of animals including man, 
whereas B and C viruses have, so far, been found only in man.
a ) Morphology of the influenza A viruses
Influenza viruses have been observed in spherical or in 
filamentous forms. Both these forms have diameters of 
between 80-120 nm but the filamentous forms are greatly 
elongated, being at least U um in length. It is the 
filamentous forms which predominate in newly isolated virus 
strains (Choppin ejt aj_. , I960) but with serial passage in 
culture, particularly in the chick embryo, conversion from 
filamentous to spherical morphology is observed (Choppin 
et a l . . I960). This is the probable reason why most laboratory 
grown stocks of influenza A viruses are found to be spherical.
8The virus has been shown to consist of an outer lipid 
membrane, derived from the host cell (Kates e£ a_1_. , 1961; 
Klenk and Choppin, 1969, 1970) from which projects a 
series of spikes. These spikes are about 10 nm in length 
and there are between 700 and 900 per spherical virus 
particle (Hoyl e et. aj_. , 1961; Wrigley, 1979). The 
arrangement of the spikes is roughly similar to that of a 
honeycomb with each one having approximately six neighbours. 
The spikes themselves consist of the virus polypeptides, 
haemaggl ut i n in (HA) and neuraminidase (NA). HA is the major 
surface antigen, comprising approximately 25% of the virion 
protein (Compans et a]_. , 1970; Schulze, 1970; Skehel and 
Schild, 1971). It is the product of a single gene but is 
cleaved during normal maturation into a heavy and a light 
chain (Lazarowitz et a[. , 1971 , 1973; Stanley et al_. , 1973). 
These are designated HA 1 and H A 2 respectively. HA 1 and HA2 
are bound by disulphide bridges into a single subunit.
Studies with cross-linking reagents has shown that the rod­
shaped HA spikes are trimers of such units (Wiley et a 1., 
1977). The other type of spike, the N A , appears to be a 
mushroom-shaped tetramer (Wr igl ey et a_K , 1973; Wrigley, 
1979). Both the HA and NA have hydrophobic ends with which 
they are embedded in the lipid bilayer. The depth to which 
these proteins are embedded is unknown. However, nucleotide 
sequence analysis of Fowl Plague Virus haemagglutinin gene 
(Porter et. aj_. , 1979) has shown that the hydrophobic region
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of the protein may not be directly at the C  terminus since 
in between there is coding capacity for 11 hydrophilic amino 
acids. If this hydrophilic portion is retained in the 
functional protein (this is at present unknown since the 
overall hydrophobicity of the C 1 terminal region has 
prevented determination of its amino acid sequence (Ward 
and Dapheide, 1979; Water fiel d e£ a_}_. , 1979)) it would imply 
that HA spans the membrane.
Inside the lipid bilayer is a shell of protein some 6 nm 
thick (Apostolov and Flewett, 1969). This shell is thought, 
by elimination rather than experiment, to be composed of a 
single protein having a MW of 25,000. Despite being the 
smallest of the virion structural polypeptides this protein, 
termed the matrix or M protein, is the most abundant. It 
accounts for between 33 and 46% of the total virion protein 
(Compans et a l .. 1970; Schulze, 1970; Skehel and Schild 
1971).
The structure and function(s) of M protein are not known 
with any certainty (see below). However, the viral membrane 
is considerably more rigid than that of the host plasma 
membrane (Landsberger and Compans, 1976). Speculation 
has arisen that M protein is involved in generating this 
greater structural rigidity (Landsberger et. aj_. , 1978).
For instance, Lenard et a K  (1976) observed that M protein
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penetrates the membrane. Support for this comes from 
Reginster et aj_. (1976) who have found that about half of 
the M protein is susceptible to digestion by proteolytic 
treatment of intact virions.
Within the M protein shell are ribonucl eoprotein structures. 
These are composed of one major protein, the nucleoprotein 
(NP), which coats the viral RNA and three high molecular 
weight proteins (PI, P2 and P3) (Inglis et. aj_. , 1976;
Lamb and Choppin, 1976; R i tchey et. aj_. , 1977; Stephenson 
et aj_. , 1977). Although it is almost certain that influenza 
RNA is associated in some regular manner with molecules of 
nucleoprotein, the structure of the ribonucl eoprotein 
complex is a matter of some debate. The electron microscope 
occasionally shows what appear to be cylindrical 1y coiled 
filaments of about 7 nm thickness, but they are seen only 
in extensively degraded particles where stain has been 
allowed to penetrate. Such coils are extremely variable in 
respect of diameter and number of turns but are remarkable 
for their uniformity of coiling and may well reflect some 
reorganization due to particle disruption (Schulze, 1972). 
Furthermore, it is known that RNA of influenza virus is not 
a continuous filament but that it is segmented (Davies and 
Barry, 1966; Duesberg, 1968; Pons and Hirst, 1968; Skehei , 
1971). Centrifugation of the ribonucleoprotein (RNP) 
structure in velocity gradients, following disruption of the
virus particle, show them to be of different size classes 
(Duesberg, 1969; Pons, 1971; Compans et aj_. , 1972). 
Although it has not been shown conclusively it is widely 
believed that each R N A , from a disrupted virus particle, 
is in the form of a separate RNP structure. It is not 
known whether these structures remain separate in the intact 
particle or whether they are linked to form some specific 
compl e x .
b) Influenza A RNA
Analysis of the nucleic acid of influenza A viruses revealed 
the presence of single-stranded RNA (Ada and Perry, 1954;
Frisch-Niggemeyer and Hoyle, 1956). As already indicated 
this RNA is composed of several individual units, i.e. it 
is segmented. This segmented nature was originally suggested 
from recombination studies (Burnet, 1956; Barry, 1961) a 
concept supported by analysis of the RNA on sucrose density 
gradients and polyacrylamide gel electrophoresis (PAGE) 
(Davies and Barry, 1966; Duesberg, 1968; Pons and Hirst, 
1968; Skehel , 1971a). The resolution of single stranded 
RNA on PAGE was found to be improved by the addition of high 
concent rat ion s of urea ( FI oyd et_ aj_. , 1974). Using this 
technique the influenza genome can be resolved into eight 
segments (McGeoch et_ al_. , 1976; Palese and Schulman, 1976; 
Pons, 1976; Bean and Simpson, 1976). That these are unique 
was confirmed by oligonucleotide mapping (McGeoch et a l ..
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Analysis of the nucleic acid of influenza A viruses revealed 
the presence of single-stranded RNA (Ada and Perry, 195U;
Frisch-Niggemeyer and Hoyle, 1956). As already indicated 
this RNA is composed o f  several individual units, i.e. it 
is segmented. This segmented nature was originally suggested 
from recombination studies (Burnet, 1956; Barry, 1961) a 
concept supported by analysis of the RNA on sucrose density 
gradients and polyacrylamide gel electrophoresis (PAGE) 
(Davies and Barry, 1966; Duesberg, 1968; Pons and Hirst, 
1968; Skehel , 1971a). The resolution of single stranded 
RNA on PAGE was found to be improved by the addition of high 
concent rat ions of urea ( FI oyd £t a_l_. , 197*0 • Using this 
technique the influenza genome can be resolved into eight 
segments (McGeoch et aj_. , 1976; Palese and Schulman, 1976; 
Pons, 1976; Bean and Simpson, 1976). That these are unique 
was confirmed by oligonucleotide mapping (McGeoch e£ a l . .
1976). In some st rains however, two (Hay et. a K  , 1977) or 
more additional segments are found (Crumpton et a_K , 1978; 
Nayak et. a_l_. , 1 978).
RNA isolated from virions (virion RNA or vRNA) can be almost 
completely protected from nuclease digestion by hybridization 
with RNA isolated from infected cell polysomes (Etkind and 
Krug, 1975; Glass et aj_. , 1975). Furthermore, vRNA does not 
direct the synthesis of virus specific polypeptides in 
in vitro translation systems. These observations indicate 
that vRNA does not act as mRNA. Some limited support for 
this conclusion is provided by the observation that influenza 
vRNA does not contain a 7' methyl G capped 5' terminal or 
a 3' poly(A ) tail. These are structures commonly found in 
mRNA species.
That the vRNA of influenza viruses does not act as a messenger 
and that the virus contains an RNA polymerase activity (Chow 
and Simpson, 1971; Simpson and Bean, 1975) results in 
influenza being classified as a negative strand virus 
(Baltimore, 1971).
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3. Mapping of the Influenza genome
The influenza genome specifies at least eight polypeptides 
(Ingi i s e_t aj_. , 1976). There are three polymerase associated 
proteins (PI, P 2 , P3), haemagglutinin (HA), nucleoprotein 
(NP), neuraminidase (NA), membrane or matrix protein (M) and 
a non-structural polypeptide (NS1). The molecular weights 
of these polypeptides are shown in Table 1. In some studies 
further, smaller polypeptides have been observed (Skehel ,
1972; Follet e£ a_l_. , 197^; Minor and Dimmock, 1975, 1977; 
Etkind and Krug, 1975). These polypeptides have a MWs of 
~21,800, 19,000, 17,000 and 11,000 (Lamb and Choppin, 1978). 
Occasionally a fifth small polypeptide (MW ~8,000) has been 
observed in certain cell lines (Lamb and Choppin, 1978).
By tryptic peptide analysis the polypeptides of MW~21,800, 
19,000 and 17,000 appear to be cleavage products of NS1 
(Lamb and Choppin, 1978), but the polypeptide of MW 11,000 
is unique (Lamb et. aj_. , 1978) and has been designated N S 2 .
Molecular weight correlations led to the first tentative 
assignments of viral polypeptides to their genes (Pons, 1976). 
Since then more sophisticated methods have been developed 
and the genetic maps of several influenza A and B strains 
have been obtained.
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Table 1
Molecular weights of influenza virus proteins
Viral MW Estimated number of
Protein (x 10^) molecules/virionc
P1a 95 15-14
P2a 87 17-16
P3a 85 17-16
HAb 75-80
NPb 55-65 1 ,000
NAb 55-70 200
Mb 21-27 2 ,400
NS1b 23-25
HA 1a 44 1 ,018
HA2a 26 1 ,141
a. Values for fowl plague virus (Ingl ? s et_ aj_. , 1976;
McGeoch et, aj_. , 1976; Rohde et a]_. , 1977).
b. Molecular weights representing average values determined 
in different laboratories with different influenza virus 
strains (Choppin and Compans, 1975; Pons, 1976; Ritchey 
et al . , 1976; McGeoch et, aj_. , 1976; Inglis et, aj_. , 1976 
Rohde et a K  , 1977).
c. From Ingl i s et, aj_. , 1976.
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One of these methods relies on generating recombinants 
by infecting cells with a temperature sensitive (ts) mutant 
virus of known defect in function and a 'rescuing' prototype 
influenza strain. As selection of recombinants is carried 
out at the non-permissive temperature they do not contain 
the defective gene(s) of the ts mutant. This gene(s) is 
replaced by the wild-type gene(s) from the 'rescuing' virus. 
This recombinant virus is used to infect cells from which 
virus specified complementary RNA (cRNA) is extracted. 
Hybridization of this RNA with vRNA of the ts mutant parent 
results in protection from SI nuclease digestion, of those 
RNA segments of the recombinant that are derived from the 
ts mutant. Likewise, hybridization with vRNA from the other 
parent, followed by SI nuclease digestion will reveal 
which RNA segments of the recombinant virus are derived from 
the rescuing strain. In this way a defect in function can 
be correlated with a specific RNA segment. These assignments 
can be extended to the corresponding proteins by comparing 
tryptic peptide fingerprints of each of the gene products 
of the two parent strains with fingerprints of the gene 
products of the recombinant (Schott issek ejt aj_. , 1976;
Rohde et aj_. , 1977; Harms e_t aj_. , 1978).
A second method takes advantage of the observation that the 
electrophoretic migration rates of the RNA segments and of 
the v i rus-spec i f i c protein are different for different
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influenza strains (Palese and Schulman, 1976 (a)-, Ritchey 
et a]^ . , 1977). These differences may be due to slight 
variations in MW and/or to variations in secondary structure 
(Palese and Schulman, 1976 (b )).
Recombinant viruses are prepared by co-infection of cells with 
two different influenza strains. The electrophoretic 
migration characteristics of the RNAs and protein of the 
recombinants are then compared with those of the parent 
st rains. (Ri tchey et_ aj_. , 1976; Palese et a]_. , 1977 (a);
R i tchey e_t aj_. , 1977). If for example a recombinant 
contains all the RNAs from one parent except segment 8 and 
comparative analysis of the polypeptides of that recombinant 
show that NS1 is the only polypeptide different from that 
parent then segment 8 must code for polypeptide NS1.
A third method utilizes the phenomenon of hybrid arrest. 
Complementary RNA (cRNA) extracted from infected cells can 
be translated in cell-free protein-synthesizing system to 
give virus specific polypeptides (Kingsbury and Webster,
1973; Etkind and Krug, 1975). If cRNA is hybridized to 
vRNA prior to translation then no polypeptides are produced 
since double-stranded RNA is not transiatable. So 
hybridization of a specific segment of vRNA to cRNA will only 
cause the loss of one of the viral polypeptides on trans­
lation. For example, if vRNA segment k causes the loss of
A d
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HA when hybridized to cRNA then segment A encodes HA 
(Inglis, 1977; Etkind et a]_. , 1977).
The development of these methods has allowed the assignments 
of the eight RNA segments of influenza A viruses to the 
corresponding gene products. The assignments for the fowl 
plague strain Rostock and for the WSN strain are shown in 
Table 2, as can be seen there is some variation in the 
genetic maps of different influenza strains.
The assignment for NS2 is more interesting. Inglis et a l . 
(1979) have identified a viral mRNA encoding NS2 in FP/R 
infected CEF cells. This mRNA hybridized to gene segment 8 
which as shown in Table 2 also codes for NS1 . From its MW 
gene segment 8 would appear to be too small to code for both 
polypeptides independently and it would seem likely that 
the NS1 and NS2 genes overlap. Furthermore, if, as the 
peptide maps suggest, the NS1 and NS2 polypeptides are 
completely unrelated, the genetic code of the shared 
nucleotide sequences would have to be read in two different 
frames.
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Table 2
Assignments of RNA segments to the gene products of Fowl 
Plague Rostock and WSN
Fowl PI ague 
(Havl
Virus(a  ^
N 1 )
WSN Strain(b; 
(H0N1)
RNA Segment Corresponding 
No Protein
RNA Segment 
No
Correspond!ng 
Protei n
1 P2 1 P3
2 PI 2 PI
3 P3 3 P 2
k HA k HA
5 NP 5 NP
6 NA 6 NA
7 M 7 M
8 NS 1 8 NS 1
(a) Barry et aj_. , 1978
(b) Reviewed by Scholtissek, 1978
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Functions of Influenza Polypeptides
Analysis of ts mutants along with genetic mapping of influenza 
viruses has led to the elucidation of some of the functions of 
viral polypeptides.
a) P Proteins
Influenza virions contain an RNA-dependent RNA polymerase 
(Chow and Simpson, 1971; Penhoet e£ aj_. , 1971; Skehel , 1971b), 
the active components of which were found to be viral RNA 
and the NP and P pol ypeptides (Bi shop et. aj_. , 1972). A vi rus- 
induced RNA polymerase activity is also found in influenza 
virus-infected cells. The active components of this are 
the NP and P polypeptides (Calguiri and Compans, 197*0.
These early studies indicate that NP and P polypeptides are 
involved in viral RNA synthesis. The discovery that there 
were three P polypeptides raised questions as to their 
individual roles in viral RNA synthesis.
Experiments involving the influenza strain WSN indicated 
that proteins Pi and P3 were required for complementary RNA 
(cRNA) synthesis (Palese e£ £l_. , 1977b), whereas P2 protein 
and NP were probably associated with the synthesis of virion 
RNA (Ritchey and Palese, 1977). In a study (Mowshowitz,
1978) on the requirement of primers (see below) in j_n v i t ro
b.
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translation systems by a ts mutant of WSN which had a defect 
in the PI protein, it was suggested that Pi is required for 
initiation of cRNA synthesis while P3 functions in the 
elongation process.
Results from studies using ts mutants should be treated with 
some caution. For example, ts mutants defective in Pi and 
P3 , of WSN and fowl plague have been isolated which lack 
vRNA synthesis as well and cRNA synthesis (Scholtissek et a l . , 
197^; Scholtissek and Bowl es , 1975; Schol t i ssek et aj_. ,
1976; Almond _et jjJ. , 1978). Likewise, a ts mutant of fowl 
plague Rostock lacking in P2 has been found to be defective 
in both cRNA synthesis and vRNA synthesis (Scholtissek, 1978). 
Furthermore, some FP/R ts mutants, defective in P3 recombination 
group, have been shown to be lacking only in the transport of 
the polymerase complex from the nucleus to the cytoplasm 
(Scholtissek and Bowles, 1975). This indicates a degree of 
leakiness in the ts mutants or that certain viral products 
have more than one function, and that these functions can be 
affected independently by mutation (see review by Scholtissek, 
1978).
b ) Nucleoprotein (NP)
Besides a possible role in vRNA synthesis, NP forms the main 
structural component of viral RNPs (Hoyle et_ , 1961;
Pons et al_. , 1969; Krug, 1971). A ts mutant containing a
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lesion in the NP gene has been found to synthesize normal 
yields of viral RNA and of other viral components but not 
to produce infectious progeny virus (Scholtissek and Bowles,
1975) possibly because of a failure to synthesize (functional?) 
RNPs.
c) Haemaqg1utinin (HA)
Haemagglutinin is a glycoprotein, containing the sugars, 
glucosamine, mannose, galactose and fucose. These sugars 
are arranged in two classes of carbohydrate chain. The 
first, or type I chain, contains all four sugars while the 
second, or type II chain, is smaller and contains only 
mannose and galactose (Schwarz £ ¿ £ 1 . ,  1977; Nakamura and 
Compans, 1978). The molar ratio of these sugars and the 
proportion of type I to type II carbohydrate chain is 
determined by both the virus strain and the host cell 
(Nakamura and Compans, 1979; Schwarz et al_. , 1977).
Under certain conditions, for example treatment of infected 
cells with 2-deoxyglucose or glucosamine, the addition of 
sugar mol ecul es to haemaggl utinin is inhibited (Klenk et a_l_. , 
1972). The resulting unglycosylated forms of haemagglutinin 
have been designated HAO (Schwarz and Klenk, 197*0.
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HA is responsible for attachment of virus to receptors in 
the plasma membrane of the host cell. Cleavage of this 
protein into HA1 and HA2 has been found necessary for 
infectivity (Klenk et al_., 1975). However, cleavage is not 
required for adsorption to host cells (Klenk et aj_. , 1975; 
Lazarowitz and Choppin, 1975) implying that HA has some 
other, but as yet undetermined, function.
d) Neuraminidase (NA)
Like haemagglutinin, neuraminidase is also a glycoprotein, 
containing both type I and type II carbohydrate chains 
(Schwartz e£ aj_. , 1 977 ).
NA catalyses the removal of terminal N-acetyl neuraminic
acid from specific glycoprotein substrates. It has been
suggested that this enzyme mediates the release of virus
from the host cell surface after multiplication (Gottschalk,
1965). However, monovalent antibodies which inhibit the 
/
enzymic activity were found not to interfere with virus 
release (Becht et. ¿J_. , 1971).
Influenza viruses do not contain neuraminic acid on their 
envelopes. This is thought to be due to digestion by viral 
NA (Klenk and Choppin, 1970; K1 enk et_ aj_. , 1970). In 
studies of ts influenza virus mutants with a defect in NA it
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has been demonstrated that virions containing neuraminic 
acid residues were produced. These residues apparently 
served as receptors for the virus haemagglutInin, resulting 
In the production of large aggregates. This effect was 
overcome by the action of exogeneous bacterial neuraminidase.
It was therefore proposed that the NA functions to produce 
particles which lack neuraminic acid, thereby avoiding 
aggregation, and that this function is essential for normal 
yields of progeny virus (Palese e_t a_j_. , 197*0. Support for 
this mechanism has been obtained by growing virus in the 
presence of the NA inhibitor FANA (2-deoxy-2,3-dehydro-NI- 
tri f 1 uoracetyl neuraminic acid). Growth of virus in the 
presence of this inhibitor caused extensive aggregation of 
progeny virions along with a 100-fold reduction in infectivity 
(Palese and Compans, 1976).
An additional function of NA has been reported by Schulman 
and Palese (1977). These authors found by recombination studies 
that NA of the influenza strain WSN was required for plaque 
production of influenza A viruses in MDBK cells. They 
postulated that removal of neuraminic acid may be a precondition 
for cleavage of HA and that by this mechanism NA may have 
another role in infectivity. However, this conclusion was 
not supported by the experiments of Bosch e£ a_l_. (1979).
These authors examined the infectivity of several influenza 
strains having different HAs but only the N1-NA (WSN possesses
2k
N1-NA) or the Neq 1-NA. They found that cleavage of HA 
depended on its structure presumably in terms of its amino 
acid sequence, rather than on the NA type present.
In many animals influenza is an infection of the respiratory 
tract. This tract is lined with sial omucoprote i ns which could 
provide alternative sites of attachment for HA and so prevent 
the virus from reaching its target cells. It is known for 
example, that treatment of influenza with sial omucoprote i n s 
reduces infectivity (Shen and Ginsberg, 1968). Therefore, 
a possible function for NA in the infection of animals 
could be to free the virus from these proteins.
e) Matrix Protein
Matrix protein is the most abundant protein in the virion 
(Compans et_ aj_. , 1970; Schulze, 1970; Skehel and Schild,
1971). As already described, M protein is an important 
structural feature of the virion, forming a shell of protein 
enclosing the ribonucleoprotein complexes. Growth of influenza 
virus at39°C resul ts in the production of progeny virions 
with a reduced M protein content (Kendal et_ aj_. , 1977).
Such particles were found to be fragile. Implying that M 
protein has a role in the stabilization of virions.
25
Laver (1973) and Schulze (1973) have envisaged M protein 
as a filler, supporting the virus membrane and determining 
the shape. However, treatment with the detergent deoxy- 
cholate, which removes lipid and viral glycoprotein, results 
in the formation of cores, consisting of M protein surrounding 
the nucleocapsid (Skehel , 1971; Nermut, 1972; Schulze,
1972). This suggests that matrix protein is closely 
associated with the ribonculeoprotein complex (Reginster and 
Nermut, 1976).
Matrix protein may also play a role in virus assembly.
This has been suggested by Choppin et^  (1972) and Compans 
and Choppin (1975). These authors proposed that M protein 
provided a recognition site, allowing the nucleocapsid to 
align with specific areas of the cell membrane from which 
the progeny virus will later "bud" (see below). At the same 
time the M protein would deny host cell protein access to 
these areas of membrane.
A further function of the M protein is linked to the 
sensitivity of some strains to amantadine (Lubeck et a l ..
1978; Hay e_t £]_. , 1979). The mechanIsm of action of 
amantadine is unknown. , but it is thought to inhibit some 
early event in the virus replication cycle (Kato and Eggers, 
1969; Skehel et a]_. , 1977). Thus M protein prior to viral 
synthesis is either involved In this event and is the
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molecule on which amantadine acts or else the M protein 
of resistant strains is able to act as a barrier preventing 
the drug reaching its target.
f) Non-Structural Proteins
NS1 becomes associated with the nucleolus of infected cells 
(Dimmock, 1969; Krug and Soeiro, 1975). It has been 
observed that influenza infection results in inhibition 
of the processing of ribosomal RNA (rRNA) precursors; 
although the synthesis of *+5S rRNA continues (Stephenson 
and Dimmock, 197*+; Krug and Soeiro, 1975). This has 
prompted suggestions that NS1 is involved in this inhibition. 
However, in WSN infected MDBK cells there is five times 
less nucleolar NS1 than in similarly infected HeLa cells 
and yet the inhibition of rRNA processing is more pronounced 
(Krug and Soeiro, 1975).
NS1 is also found associated with polysomes in the cytoplasm 
(Pons, 1972; Compans, 1973) though this association is 
thought to be artefactual (Krug and Etkind), 1973).
A further possible function for NS1 has been found by 
Almond e£ a_l_. (1978). These authors isolated a mutant of 
fowl plague virus with a temperature sensitive lesion in 
the NS1 gene. At the non-permissi ve temperature levels of
27
vRNA synthesis were greatly reduced. This implies that 
NS1 has a role in vRNA synthesis. Some support for this 
conclusion is provided by Maeno e£ aj_. (1979). These 
authors have produced evidence that the production of NS1 
and its appearance in the cytoplasm can be correlated with 
an increase in vRNA synthesis. However, the data of 
Almond et al_. (1978) may be open to a different interpretation 
in the light of the information that vRNA segment 8 codes not 
only for NS1 but also for NS2 (Ingl i s e£ aj_. , 1979).
To increase uncertainty about the possible function of NS1 
it has been found that the paracrysta11ine cytoplasmic 
inclusions which appear late in the infected cell are 
composed almost entirely of this protein (Morrongiel1o and 
Dales, 1977; Shaw and Compans, 1978j Nakamura et a l . .
1978). The ability of NS1 to undergo self-crystal1 isat ion 
plus the fact that it can be obtained in large amounts 
(1 mg per 10^ BKK21-F cells) should facilitate both 
crystallographic analysis and studies into possible 
enzymatic and/or regulatory functions.
The smaller non-structural protein (NS2) appears late in 
infection, is predominantly cytoplasmic (after 3 h p.i.)
(Lamb et aj_. , 1978), and as yet has not been ascribed any 
functional significance.
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5. Multiplication of influenza viruses 
a ) Attachment to the host cell
The process of infection of susceptible cells is initiated 
by attachment of virus particles via the haemagglutinin 
polypeptide to receptors on the cell surface (Dales and 
Choppin, 1962; Choppin and Compans, 1975). These cell 
surface receptors possess a terminal neuraminic acid and 
are most likely sialoglycoproteins (Suttijit and Winzler, 
1971; Steck, 197*0.
b ) Penetration of the virus into the cell
Attachment of the virus to the cell surface receptor is 
presumably the trigger for penetration into the cell. 
However, exactly how such penetration is achieved is not 
certain. A possible mechanism is by fusion of the viral 
and plasma membranes. Evidence that lipid containing 
viruses can fuse with cells comes mainly from studies with 
paramyxoviruses (Apostolov and Almeida, 1972; Morgan and 
Howe, 1968; Zhdanov £t a [ . , 1963; Scheid and Choppin, 
197*0. However, the only evidence suggesting that influenza 
virus fuses with its host cell comes from the electron 
microscopic studies of Morgan and Rose (1968) and this 
evidence has been challenged by several other studies using
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the electron microscope (Dales and Choppin, 1962;
Dourmashkin and Tyrrell, 1970, 197*+; Skehel et al . .
1977; Patterson et aj,. , 1979). Although these latter 
studies do not rule out fusion events they indicate that 
the majority of influenza particles enter cells by viro- 
pexis, an endocytotic event in which the whole virus is 
engulfed in a pinocytotic vesicle. Such a mechanism was 
first proposed by Fazekas de St. Groth (l9*+8).
Pinocytosis can be divided functionally into macro- and 
mi cropi nocytosi s (Allison and Davies, 197*+). Macropino- 
cytosis is energy dependent and inhibited at low temperatures, 
whereas micropinocytosis is energy independent and occurs at 
*+°C (Allison and Davies, 197*+). Cellular entry of influenza 
viruses at *+°C has been observed by electron microscopy 
(Hackemann e£ aj_. , 197*+) and in experiments employing radio- 
labelled virus (Stephenson and Dimmock, 1975; Stephenson 
et, aJL. , 1978). Furthermore, entry of influenza particles 
Into cells still occurs under conditions where macropino- 
cytosis is inhibited (Patterson et, aj_. , 1979). These data 
indicate that energy independent micropinocytosis is the 
probable mechanism for entry of influenza virus into cells.
Of much greater uncertainty than how the virus enters the 
cell is how the virus is uncoated and how the genome is 
prepared for transcription. Fazekas de St. Groth (19*+8)
originally proposed that the virus containing endocytotic 
vacuoles fused with cell lysozymes, resulting in partial 
digestion of the vacuolar and viral membranes and 
liberation of the viral core. However, this seems unlikely 
in view of the probable effects lyposomal enzymes would have 
on viral RNPs. An alternative is that pinocytotic vesicles 
fuse with internal membranes of the cell and release the 
virus, but no firm evidence exists to support this 
suggestion. However, it is known that some of the infecting 
influenza virion components become nucleus associated 
(Hoyle and Frisch-Niggemeyer, 1955; Hoyle and Finter, 1955; 
Stephenson and Oimmock, 1975). Using the technique of U°C 
infections, Hudson e_t £l_. (1978) have shown that most of 
the input influenza virions which are taken up by cells 
rapidly come into contact with the nucleus. A ribonucleo- 
protein complex, comprising the virion RNA and much of the 
virion protein, then enters the nucleus, apparently leaving 
the phospholipids in the cytoplasm.
There is little evidence to suggest how the genome of 
influenza is made ready for the first stages in multiplication. 
However, it has been observed that nuclear associated viral 
RNPs have a tendency to shift to a lower density, implying 
a gradual stripping of the RNA core with time. This 
suggests that prior to transcription of the virion RNA, a 
considerable amount of non-essential protein may be removed 
(Hudson et. aj.. , 1978).
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c) Time course of appearance of viral polypeptides
Influenza viruses replicate sub-optimal1 y in most cultured 
cell lines (Hen 1 e e£ £]_. , 1955). Such low yielding or 
abortive infections provide poor experimental systems for 
studying the processes of viral replication. However, the 
influenza strain fowl plague virus grows efficiently in 
primary chick embryo fibroblast cells (CEF). The release 
of progeny virus begins between 3 and U hrs after infection 
and in a one-step growth curve release of progeny virus is 
complete by 8 hrs (Borland and Mahy, 1968). Therefore, 
much of the following discussion is based on studies from 
this system.
The genome of influenza is of negative polarity and therefore 
must be transcribed into functional mRNA before replication 
can commence. This mRNA must be subject to some form of 
control as witnessed by viral polypeptide synthesis.
Pulse labelling of CEF cells at different times after 
infection with radioactive amino acids has shown influenza 
polypeptide synthesis to be regulated in two important 
aspects. First, different amounts of individual polypeptides 
are produced and second the virus polypeptides show differing 
time course of appearance.
Early in infection (1.5 to 2.5 h post infect ion) NP and NS1
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are synthesized in large amounts relative to M protein. 
However, from about 3 h p.i. the synthesis of M is 
amplified to become the most abundant viral polypeptide 
(Skehel, 1972, 1973; Inglis ^t a_l_. , 1 976 j Inglisand 
Mahy, 1979).
S
The three P proteins can also be detected early; although 
their synthesis remains at a low level throughout infection 
(Lamb and Choppin, 1976). Less clear is the time course 
of appearance of HA and NA. In FPV infected CEF cells 
HA has been detected as early as NS1 but its rate of 
accumulation appears to increase later in infection (Skehel, 
1972, 1973; Ingl is et aj_. , 1976; Bosch et^  aj_. , 1978).
NA is difficult to detect in pulse labelling experiments 
since it co-migrates with NP in many PAGE systems (Skehel, 
1972; Minor and Dimmock, 1975; Lamb and Choppin, 1976; 
Inglis and Mahy, 1979).
This then provides a framework for discussion of influenza 
transcription and replication.
d) Composition of complementary RNAs(cRNA)
There are two types of virus specific complementary R N A , 
those which have poly(A) sequences at their 3' termini 
(Etkind and Krug, 197*0 and those which lack added poly(A).
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These populations are separated by affinity chromatography 
using oligo (dT)-cel 1uiose and electrophoretic analysis 
has shown that both classes contain molecules complementary 
to al 1 eight genomic R N A ' s (Hay et a K  , 1 977). SI nuclease 
treatment of hybrids formed between either polyadenylated 
cRNA or unpolyadenylated cRNA and virion RNA demonstrated 
the former class of cRNA to be smaller (see below) than 
the latter (Hay e£ a_l_. , 1977; Skehel and Hay, 1978).
RNase Tj oligonucleotide mapping and nucleotide sequence 
analysis revealed unpolyadenylated cRNAs to be complete 
transcripts of influenza genome whereas polyadenylated 
cRNAs lack at least 17 nucleotides from the 5 ‘ terminal 
region (Hay et al_. , 1977; Skehel and Hay, 1978).
Furthermore, the sequences of those regions of virion 
RNAs not represented in polyadenyl ated cRNAs are almost 
identical (Skehel and Hay, 1978) (see Fig. 1).
Incomplete transcripts could be produced by nucleolytic 
processing of complete transcripts or by terminating 
transcription prematurely. The latter alternative is more 
likely since in the absence of protein synthesis (see 
below) only incomplete transcripts are produced (Hay and 
Skehel, 1979). Suggestions have been made that the Ug (Fig. 1) 
sequence represents a termination signal and that protein 
synthesis is required to modify the enzyme and allow 
transcription to proceed through this signal (Hay and Skehel, 
1979).
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e) Function of polyadenylated and unpolyadenylated cRNAs
Both types of cRNA function as efficient messenger RNAs 
(mRNA) in cell free protein synthesizing systems (Stephenson 
et a]_. , 1977; Content, 1976). However, only pol yadenyl ated 
cRNAs are associated with polysomes in vivo (Hay et a 1..
1977). Therefore, this class of cRNA probably functions as 
mRNA whereas unpolyadenylated cRNA (i.e. complete transcripts) 
functions as a template for virion RNA synthesis. Very 
little free cRNA is found in infected cells. It is either 
associated with polysomes or bound in the form of ribo- 
nucl eoprote i n complexes (Hay et a]_. , 1977). The synthesis 
of cRNA occurs in two phases. The first, or primary trans­
cription, lasts for about 30 min (Inglis and Mahy, 1979) 
after infection and involves transcription of the Influenza 
genome by the virion-associated RNA polymerase (Bean and 
Simpson, 1973). The second, or secondary transcription is 
dependent on viral proteins synthesized as a result of 
primary transcription (see below). This stage is responsible 
for the majority of cRNA synthesis (Mark et a_K , 1979).
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f) Primary transcription
The short time over which primary transcription occurs 
makes its study difficult. Bean and Simpson (1973) found 
that synthesis of cRNA was severely reduced by adding the 
drug cycloheximide (CM) (100 u g/ml) to cells at the time 
of infection. These authors concluded that the remaining 
cRNA synthesis was due to the activity of the virus-associated 
polymerase. In the presence of CM, synthesis of vRNA is 
suppressed (Scholtissek and Rott, 1970; Pons, 1973) and the 
amount of cRNA detected at 2.5 h post-infeet ion is only 
10-20% of the level found in untreated cells (Taylor £t a 1 . , 
1977). This low level remains unchanged for up to 5 h after 
infection (Taylor et^  a_l_. , 1977). Therefore CM, by inhibition 
of cellular protein synthesis, is thought to prevent 
secondary transcription of the influenza genome. However,
CM does not completely suppress vRNA synthesis (Taylor 
et aj_. , 1977; Mark et. aj_. , 1979). This implies that viral 
transcription in the presence of this drug is not confined 
to the inoculum vRNA but that there is some transcription 
of newly synthesized cRNA. The addition of actinomycin D 
(AMD) (2-10 jig/ml ) along with CM eliminates this vRNA 
synthesi s (Taylor et a_l_. , 1977; Mark e£ aj_. , 1979). This 
combination of drugs also reduces levels of cRNA synthesis 
further than CM alone (Taylor e£ al_. , 1977; Mark et aj_. , 
1979). Thus, the use of CM and AMD or CM alone are the 
usual methods employed for the study of primary transcription.
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In the presence of CM or CM plus AMD polyadenylated 
transcripts of all the influenza genes, except that 
coding for the NS2 protein (Inglis and Mahy, 1979), can 
be detected. Furthermore, these transcripts are present 
in roughly equimolar amounts (Hay et^  aj_. , 1977; Mark 
e£ a_1_. , 1978, 1979). This is apparently not an artefact 
since a similar pattern of transcription is detected in 
normally infected cells during the first 30 min of 
infection (Hay e£ £]_. , 1977). Furthermore, translation 
either _i_n vitro (Ingl is and Mahy, 1979; Mark et^  ajk , 1979) 
or by removal of the CM block (Lamb and Choppin, 1976; 
Inglis and Mahy, 1979) have shown these transcripts to be 
functional mRNAs.
When CM is added to cells at the time of infection cRNA 
synthesis is reduced to 5-15% of that in untreated cells.
Of the residual cRNA synthesized k2% is found in the 
nucleus. If AMD is used in addition to CM, cRNA synthesis 
is again reduced to about 15% of that in untreated cells, 
but of the residual cRNA synthesized 79% is found in the 
nucleus (Mark et al_. , 1979). This evidence suggests that 
primary transcription occurs in the nucleus. However, in 
the studies of Mark £t_ aj_. (1979) radioactive vRNA or radio­
active complementary DNA (cDNA) were used as probes for 
detecting cRNA (cDNA was prepared from purified viral cRNA 
by the use of reverse transcriptase). Although sensitive,
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such methods of detection measure only accumulation of 
cRNA rather than its rate of synthesis at a particular 
time. Thus it is possible that primary transcription 
occurs in the cytoplasm and that the high proportion of 
cRNA found in the nucleus under conditions of AMD and/or 
CM inhibition is the result of transport.
As already mentioned the use of CM and AMD have shown a 
characteristic of primary transcription to be that transcripts 
of all the influenza genes are produced in roughly equal 
amounts. These, when added to an j_n vitro translation system, 
direct the synthesis of all viral polypeptides in roughly 
equal amounts (Inglis and Mahy, 1979; Mark et ai_. , 1979). 
These data imply that there is no transcriptional control 
of primary transcription.
g ) Secondary Transcription
Secondary transcription comprises the synthesis of complete 
unpolyadenylated transcripts as well as further synthesis of 
polyadeny1ated cRNA s. Synthesis of these two classes of 
cRNA appears to be separately controlled. Firstly after 
the first hour of infection, synthesis of pol yadeny lated 
cRNA always exceeds that of unpolyadenylated molecules (Hay 
et al.. 1977). Secondly, synthesis of unpolyadenylated 
cRNA reaches a maximum I to 5 h post-in feet ion, whereas
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polyadenylated cRNA is produced maximally at about 2 h 
after infection. Thirdly, the production of unpolyadenylated 
cRNA is more drastically curtailed relative to poly A- 
containing cRNA later in infection.
i ) Secondary Transcription: Polyadenylated cRNA Synthesis
Equal transcription of the genomic RNA segments changes 
dramatically 30 min after infection. Between 30 and 90 min 
transcripts 5 and 8 are synthesized preferentially. This 
changes again such that by 2.5 h post- infeetion transcripts 
*+, 5 and 7 are made in greatest amounts. In contrast 
transcripts 1 to 3 are synthesized in relatively small amounts 
throughout infection (Hay ejt a K  , 1977). In addition, the 
maximum rate at which the various polyadenylated cRNAs are 
produced occurs at different times during infection (Hay e£ 
aj_. , 1977; Barrett et al_. , 1978, 1979).
1. The synthesis of transcript 8 increases sharply after 
1 h and reaches a maximum around 1.5 h, thereafter it 
decreases rapidly to about 10% of maximum by 3.5 h.
2. The synthesis of transcripts 1 , 2 , 3  and 5 is 50% of 
maximum around 1.25 h. It reaches a peak at 2 h and is 
still about 20% of maximum at U.5 h.
3. The peak in the synthesis of transcripts U , 6, 7 and 
10 is between 2 and 2.5 h. By k.5 h this synthesis 
is approximately 30% of maximum.
k. Synthesis of transcript 9 increases throughout infection
The synthesis of the various pol yadenylated cRNA's correlate 
well with the appearance and relative abundance of the poly­
peptides for which they code. NP and NS1 are the most 
abundant polypeptides early in infection. These are coded 
for by transcripts 5 and 8 respectively. As previously 
described these transcripts are synthesized preferentially 
between 30 and 90 min post-infeet ion. Such correlations 
point to the controlled synthesis of polyadeny1ated cRNA 
as being responsible for determining the amounts of virai 
polypeptides synthesized during infection. Additional 
support for this theory derives from experiments in which 
viral m R N A 1s were extracted at different times during 
i n feet i on and t ran si ated j_n vitro ( Ing 1 i s S- M ahy, 1979).
A mechanism which could explain such control is selective 
ini tat ion of transcription. However, there is evidence 
against this possibility. Firstly, primary transcription 
results in equal production of polyadeny1ated cRNA's (Hay 
I l  a i . , 1977, 1978; Inglis and Mahy, 1979; Mark et a [ . , 
1979). Secondly, sequence determination has shown that the
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first twelve nucleotides at the 3' termini of all the 
genome RNAs are the same and it is possible that this 
conserved sequence may represent the transcriptase binding 
site (Hay and Skehei , 1979). Should this prove to be the 
case then no structural basis for selective initiation 
is presented in this region. Similarly, further comparisons 
of the sequence of the first 30 nucleotides of virion RNAs 
4 to 8 do not indicate any obvious features that would 
correlate with for example, the preferential transcription 
of RNAs 5 and 8 early in secondary transcription (Hay and 
Skehei, 1979).
An alternative mechanism is that the composition of enzymes 
involved in primary and secondary transcription are different 
(Hay et_ a_K , 1977; Hay and Skehei , 1979; Ingl is and Mahy, 
1979). Evidence in favour of this hypothesis is that protein 
synthesis is required for secondary transcription. Furthermore, 
a ts mutant of FP/Weybridge has been observed which is 
defective in secondary transcription at the non-permissive 
temperature but not in primary transcription (Ghendon et al . , 
1975). Should such a mechanism operate then the composition 
of the transcriptase would have to alter at least twice, 
once for the preferential transcription of segments 5 and 8 
and again for the amplication in the synthesis of transcripts 
k and 7. A suggestion that this might happen is seen by the 
addition of cycloheximide at 1.5 h post-infeetion, when the
1*2
amplification in the synthesis of M protein is prevented 
(Inglis and Mahy, 1979). How the composition of the trans­
criptase might be altered during infection and exactly how 
such alteration results in preferential transcription of 
the viral genome are at present unknown.
Alterations in the composition of transcriptase enzymes may 
not however, represent the complete answer to the problem 
of transcriptional control. The host cell does have an 
influence on the amounts of some polyadeny1ated cRNA species 
(Bosch £t_ , 1978) and on the time of appearance of viral
protein (Minor et aj_. , 1979). These host cell effects will 
be discussed later.
i i) Secondary Transcription: Unpolyadeny1ated cRNA Synthesis
In contrast with the disproportionate synthesis of the different 
polyadenylated cRNA molecules, unpolyadenylated cRNA1s, with 
the exception of transcripts 9 and 10, are present in similar 
amounts until 3 h post-infection (Hay et. a_l_. , 1977). Further­
more, the relative rates at which unpolyadenylated cRNA1s are 
synthesized is constant until 2 h post-infeetion. However, 
at later times the pattern of synthesis tends to reflect that 
of polyadenylated cRNAs. In particular, the synthesis of 
transcript 8 is ma rkedl y curtailed (Hay e£ aj_. , 1977). A 
possible mechanism for unpolyadenylated cRNA production is
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amplification in the synthesis of M protein is prevented 
(Inglis and Mahy, 1979). How the composition of the trans­
criptase might be altered during infection and exactly how 
such alteration results in preferential transcription of 
the viral genome are at present unknown.
Alterations in the composition of transcriptase enzymes may 
not however, represent the complete answer to the problem 
of transcriptional control. The host cell does have an 
influence on the amounts of some polyadenylated cRNA species 
(Bosch et al_. , 1978) and on the time of appearance of viral 
prote i n (Minor £t £j_. , 1979). These host cell ef feet s will 
be discussed later.
i i) Secondary Transcription: Unpolyadeny1ated cRNA Synthesis
In contrast with the disproportionate synthesis of the different 
polyadeny1ated cRNA molecules, unpolyadeny1ated cRNA1s , with 
the exception of transcripts 9 and 10, are present in similar 
amounts until 3 h post-infect ion (Hay et aj_. , 1977). Further­
more, the relative rates at which unpolyadenylated cRNA's are 
synthesized is constant until 2 h post-infeetion. However, 
at later times the pattern o f  synthesis tends to reflect that 
of polyadenylated cRNAs. In particular, the synthesis of 
transcript 8 is markedl y curtai led (Hay et_ aj_. , 1977). A 
possible mechanism for unpolyadenylated cRNA production is
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that proteins synthesized during infection modify the 
transcriptase allowing it to proceed beyond the normal 
(premature) termination signal (Hay and Skehel, 1979).
i i i ) Secondary Transcription - Virion RNA synthesis
Estimates of the time course of progeny virion RN£ (vRNA) 
synthesis have differed. Scholtissek and Rott (1970) found 
vRNA synthesis to be maximal 3 h post - i n feet ion . Hay et al . 
(1977) found vRN£ synthesis to be at its peak between 1.5 
and 2 h post-infect ion. It then decreased steadily so that 
by 5 h it was about 6% of maximum. It is difficult to 
reconcile the results obtained by these two groups of workers, 
since they both used p u 1se-1a b e 11ing techniaues in the same 
v? rus-cel1 system.
A different approach to the problem of estimating the time 
course of vRNA synthesis has been to measure the kinetics 
of hybridization of unlabelled RNA from infected cells to 
specific radioactive probes (Taylor et_ aj_. , 1977; Barrett 
et a_l_. , 1978, 1979; Mark e£ a]_. , 1978). The probe used was 
complementary DNA (cDNA) synthesized from a vRNA template 
by reverse transcriptase. Although this hybridization 
technique is extremely sensitive, it can only measure total 
accumulated RNA and not the rate of synthesis at any 
particular time.
Using this approach, closely similar results have been 
obtained for the kinetics of vRNA accumulation in MDCK 
cel 1 s i n fee ted with influenza strain WSN (Taylor e£ a_l_. ,
1977; Mark et aj_. , 1978) and i n CEF cel 1 s infected wi th 
fowl plague virus (Barrett £t a_l_. , 1978, 1979). The first 
significant increase in the amounts of vRNA occurs between 
1 and 2 h post-infect ion, after which there is a steady 
increase in the amount of vRNA up to 6 h. Early in infection 
the amount of cRNA is greater than vRNA. However, at 2.75 h 
the level of vRNA increases relative to cRNA, such that it 
becomes the majority species (Taylor e£ a_[_. , 1977).
New protein synthesis is required for the appearance of 
vRNA in infected cells (Scholtissek and Rott, 1970; Taylor 
jet a_l_. , 1977). However, the exact details of this requirement 
are not known.
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h ) Location of virus specific RNAs and their sites of synthesis
i) Site of cRNA synthesis
There is circumstantial evidence that cRNA synthesis occurs 
in the cytoplasm, in that the majority of cRNA is associated 
with the cytoplasm at all times during infection (Avery, 197^; 
Hay e£ al_. , 1977; Taylor et aj_. , 1977) and newly synthesized 
cRNA is mainly associated with cytoplasmic fractions after
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pulse-labelling with ^H-uridine (Hay et a_I_. , 1977). In 
addition the majority of virus specific RNA-dependent RNA 
polymerase activity, which is capable of synthesizing 
cRNA j_n vitro, is found in the microsomal fraction of 
infected cells (Ho and Walters, 1966; Scholtissek and 
Rott, 1969; Skehel and Burke, 1969; Ruck et^  aj_. , 1969;
Mahy, 1970). However, considering the time course of 
appearance of this polymerase activity it is probable that 
much of it is destined for inclusion into progeny virions 
rather than for synthesizing cRNA.
In contrast to evidence that cRNA synthesis Is cytoplasmic, 
it has been found that the pol yadenyl ated form of cRNA 
contains internal N^-methyladenosine residues (Krug et a 1. .
1976). Such modified bases have been detected in mRNAs 
synthesized in the nucleus but not in mRNAs of viruses that 
are synthesized in the cytoplasm (Abraham et aj_. , 1975;
Desrosiers et a]_. , 1975; Furuichi ,et aj_. , 1975; Lavi and 
Shatkin, 1975; Shatkin and Both, 1976). Some support for 
the nucleus being the site of polyadenylated cRNA synthesis 
has come from Barrett et_ a_l_. (1979). Using low concentrations 
of AMD (0.1 ug/ml) which suppressed but did not abolish 
secondary transcription, these authors found that polyadenylated 
cRNAs accumulated only in the nucleus during the period 
2 to l* h p.i. In untreated cells at these times amounts of 
polyadenylated cRNAs increased in the cytoplasm but decreased 
in the nucleus.
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Although this data is consistent with the nucleus being the 
site of polyadeny1ated cRNA synthesis, and that AMD acts 
to prevent its transport to the cytoplasm, there are a 
number of problems. Firstly, by using radiolabel1ed vRNA 
as a probe for cRNA, Barrett et_ a_K (1979) could measure only 
accumulation of RNA and not synthesis. Therefore the results 
are open to the interpretation that pol yadenylated cRNAs 
are synthesized elsewhere and then transported to the nucleus. 
Secondly, the use of any inhibitor is unfortunately open to 
the critism that it may generate an artefactual situation.
That treatment of cells with 0.1 y,g/ml of AMD reduces total 
amounts of polyadeny1ated cRNA by over 90% (at U.5 h p.i.) 
compared with untreated cells (Barrett e_t a K  , 1979) serves 
to emphasize this point.
i i) Site of vRNA synthesis
Virus specific RNA dependent RNA polymerases isolated from 
the microsomal fraction of infected cells synthesize only 
cRNA _i_n vitro (Mahy and Bromley, 1970; Hastie and Mahy,
1973). However, Mahy et_ aj_. (1975) isolated a virus specific 
RNA polymerase from the nuclear fraction which synthesized 
small amounts of vRNA _i_n vitro. Furthermore, Assadullaef 
et a K  (1975) have found an RNA synthesizing complex with 
replicase properties in the nucleoplasm of fowl plague infected 
Ehrlich ascites tumour cells. Although extraction of polymerases
-may lead to altered specificity through loss of labile or 
weakly bound components, these results Imply the nucleus to 
be the site of vRNA synthesis. This conclusion Is in 
agreement with data produced by Avery (197*0 who after pulse 
labelling cells with ^H-uridlne found high levels of vRNA 
In the nucleus relative to those in the cytoplasm. However, 
the comparatively long labelling times used by this author 
(1.5 h) means the results are also open to the interpretation 
that vRNA synthesis Is cytoplasmic and that the high levels 
In the nucleus are due to transport and accumulation.
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6. Influence of the host cell ?n influenza virus 
mult i pii cat i on
a) The nuclear step?
Influenza virus has a special requirement for the host cell 
nucleus. The nucleus appears to be the target for the RNA 
of the infecting virus (Stephenson and Dimmock, 1975;
Hudson e£ aj_. , 1978) and during infection vi rus-speci fic 
products are found there (Breitenfeld and Schafer, 1957;
Fraser, 1967; Dimmock, 1969; Taylor et aj_. , 1969, 1970;
Krug and Etkind, 1973; Lazarowitz et^  aj_. , 1971; Avery, 1974; 
Krug and Soerio, 1975; Hay £t a_K , 1977; Taylor et^  a]_. , 1977). 
Influenza virus, unlike other RNA viruses (not including 
viruses having a DNA intermediate in their replication cycle) 
will not grow in enucleate cells (Follet et aj_. , 1974;
Kel 1 y et^  aj_. , 1974) or in cells which have been treated with 
inhibitors of DNA function (Barry e_t £]_. , 1962; Barry, 1964; 
Rott et^  aj_. , 1965; Nayak and Rasmussen, 1966). One of these 
inhibitors of DNA function is the drug «-amanitin. This
i
inhibits influenza replication but only when it is added at 
the beginning of infection (Rott and Scholtissek, 1970;
Mahy et_ a_l_. , 1972). Viral transcription or vRNA replication 
is not detected when a-amanitin (20 p,g/ml ) is added at the 
time of virus adsorption. However, these functions are 
completely insensitive to the drug if it is added 1.5 h after 
infection (Mark et a l ., 1979).
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a-Amanitin inhibits DNA dependent RNA polymerase II, both 
i n vi vo and _j_n vitro (Chesterton and Butterworth, 1971;
Fuime andWielnnd, 1970; Hastie and Mahy, 1973; Kedinger 
e_t a_K , 1970; Novel lo and Stirpe, 1970). This enzyme 
synthesises mRNA (Roeder and Rutter, 1969, 1970). Therefore, 
it has been proposed that host cell polymerase II is required 
for initiation of viral transcription (Mahy et aj^ . , 1972; 
Plotch and Krug, 1977; Lamb and Choppin, 1977; Spooner 
and Barry, 1977). Evidence supporting this suggestion has 
been obtained using a mutant cell line with an cr-amanitin 
resistant RNA pol II. Influenza virus polypeptide synthesis 
occurs in this cell line in the presence of a-amani tin 
(Lamb and Choppin, 1977; Spooner and Barry, 1977). There 
are at least three mechanisms to explain the involvement of 
RNA polymerase II in initiation of viral transcription. The 
first is that RNA polymerase II transcribes the influenza 
genome after infection. This is unlikely since the virus 
possesses an RNA polymerase. Secondly, an cr-amanitin 
sensitive subunit of RNA polymerase II might be reauired by 
the viral polymerase and thirdly, a product of RNA polymerase 
II may be required to initiate viral transcription.
Transcription of the influenza genome in vitro has given some 
possible clues about the relationship of RNA polymerase II 
with viral RNA synthesis. In the presence of Mg viral RNA 
can be transcribed into polyadenylic acid containing cRNA.
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However, with the WSN and fowl plague strain of influenza 
the yields of cRNA are low unless the dinucleotides ApG or 
GpG are added to the system (McGeoch and Kitron, 1975;
Content et. aj_. , 1977; Plotch and Krug, 1977, 1978). The 
5' sequence of cRNA is ApGpC (Hay et. aj_. , 1978, Hay and 
Skehel, 1979) which is complementary to the GpCp UoH 3' 
terminus of vRNA (Hay and Skehel , 1979). The use of radio- 
labelled ApG has shown that it is bound at the 5 ‘ terminus 
of cRNA synthesized _i_n vitro (Plotch and Krug, 1978).
Therefore ApG might initiate transcription _i_n vitro by 
binding to the 3' terminus of vRNA. Initiation by GpG can 
also be explained by this model. GpG could hydrogen bond 
to the penultimate GpC sequence at the 3' end of vRNA 
When a GpG dinucleotide is bound to a polynucleotide G-to-G 
interactions between the two are as strong as Watson-Crick 
G to C interactions (Lewis et a]_. , 1975).
*
Transcri pt i on of WSN viral RNA jm vitro is also stimulated 
by globin mRNA and several other naturally occurring 
euteryotic messengers (Bou 1 oy et^  aj_. , 1978). cRNA synthesized 
in vi tro in the presence o f  globin mRNA possess a 5' methylated 
cap structure even though such structures are not synthesized 
de novo in the vitro system (Boul oy et a_l_. , 1978). This 
suggests the cap and possibly other 5' terminal sequences 
of globin mRNA are spliced onto the 5' end of viral cRNA 
during transcription.
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The ability of an RNA to prime viral transcription is 
dependent on the possession of a S' methylated cap structure. 
Ribosomal RNA (rRNA) or transfer RNA (tRNA) will not act as 
efficient primers and neither will globin mRNA if the cap is 
removed (Bouloy et a_I_. , 1978). On the basis of these data 
it is proposed that host cell polymerase II synthesizes a 
mRNA which initiates viral transcription. Mark e£ al_. (1979) 
use this hypothesis to explain the early sensitivity and the 
late (1.5 h) refractoriness of cRNA synthesis to «-amanitin. 
These authors suggest at the time of infection the amount of 
primer is insufficient for viral RNA synthesis so that 
de novo synthesis of primer mRNA is required. At later times 
during infection enough primer cell mRNA molecules have 
accumulated to make further synthesis unnecessary. An 
implication of this hypothesis is that infection stimulates 
the synthesis and/or accumulation of primer molecules. In 
this respect it is interesting to note that an increase in 
host RNA synthesis has been observed in CEF cells shortly 
after infection with fowl plague virus (Borland and Mahy,
1968; Mahy, 1970). However, experiments to investigate 
the nature of the RNA synthesis have not been carried out.
A variation of the above hypothesis arises from the suggestion 
that the composition of viral polymerase alters during 
infection. Thus only the viral polymerase active early in 
infection (i.e. the virion associated polymerase) requires
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primer mRNAs. This requirement then ceases with changes 
in viral polymerase composition.
A model for the mechanism of action of the putative primer 
mRNAs has not been fully described. However, it is possible 
to envisage 5 ‘ terminal regions of primer mRNAs being 
complementary and hybridizing to the 3' terminus of vRNA. 
Following such hybridization the remaining single stranded 
region of the mRNA would be cleaved leaving a double 
stranded region on the vRNA from which transcription could 
be initiated.
b) Additional Host-Cel 1/Virus interactions?
The requirement of RNA polymerase II in influenza replication 
is only the first of several ways in which the host cell can 
influence the expression of the viral genome. Evidence for 
this statement comes from the results of treating infected 
cells with host specific drugs and from the study of non- 
permissive infections.
Actinomycin D (AMD) inhibits all detectable viral polypeptide 
synthesis (Skehel , 1973) but at lower critical concentrations 
of the drug only the synthesis of HA, NA and M are inhibited 
(Minor and Dimmock, 1975, 1977). AMD is only effective when 
added early (i.e. before 1.5 h post - infeet ion) in infection
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(Barry, 1964; Gregoriades, 1970) and its target seems to 
be within the host cell in so much as it does not effect 
virion associated polymerase act ? vi ty in vitro (Chow and 
Simpson, 1971). Treatment of infected cells with camptothecin 
has a similar effect to that of a critical concentration of 
AMD in that only the synthesis of HA, NA and M are inhibited 
(Minor and Dimmock, 1975, 1977). How do critical concentra­
tions of AMD or camptothecin preferentially inhibit these 
proteins? AMD has been reported to inhibit ribosomal RNA 
synthesis at slightly lower concentrations than mRNA synthesis 
(Perry, 1969; Craig, 1971). Camptothecin inhibits ribosomal 
RNA (rRNA) synthesis but leaves 10% of mRNA synthesis intact 
(Wu et aj_. , 1971; Abelson and Penman, 1972). From these 
observations it was proposed that influenza replication 
required some aspect of mRNA synthesis for the expression of 
the P proteins, NP and NS, and in addition, some aspect of 
rRNA synthesis for HA, NA and M protein synthesis (Minor and 
Dimmock, 1975, 1977). Although this is an attractive 
possibility it must be pointed out that there are other 
suggestions to explain the effect of AMD on influenza 
replication. Mark et a[. (1979) observed that of the small 
amount of po 1 yadeny1ated cRNA synthesized in the presence of 
AMD at 2 u g/ml , over 90% was confined to the nucleus.
Barrett e£ aj_. (1979) found that in cells treated with 
0.1 u,g/ml of AMD (the same as the critical concentration 
reported by Minor and Dimmock, 1975, 1977), polyadenylated
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cRNAs coding for HA and M accumulated in the nucleus but 
decreased in the cytoplasm. Whereas over the same period 
amounts of the polyadenylated cRNAs coding for NP and NS1 
increased in both the nucleus and the cytoplasm. Therefore, 
it has been proposed that AMD inhibits influenza replication 
by confining newly synthesized polyadenylated viral trans­
cripts to the nucleus. High concentrations (> 0.1 u,g/ml ) 
of the drug are seen as inhibiting the transport of all 
species of polyadenylated cRNA whereas low, critical 
concentrations inhibit the transport of only certain species 
(Mark et^  a_j_. , 1979; Barrett e_t aj_. , 1979).
Besides inhibition by camptothecin and low, critical 
concentrations of AMD the synthesis of HA, NA and M is 
also inhibited if cells are irradiated with ultra-violet 
light (UV) prior to infection (Mahy e£ a_l_. , 1977; Minor 
and Dimmock, 1977). UV light appears to block amplification 
in the synthesis of the polyadenylated transcripts coding 
for HA, NA and M (Mahy et aj_. , 1977). This block is due to 
specific damage of the host cell and can be reversed if the 
cells are allowed to photoreactivate by exposure to visible 
light subsequent to UV irradiation (Mahy et_ aj_. , 1977).
The fact that this recovery process is inhibited by caffeine 
(Mahy et_ aj_. • 1977) a compound known to block DNA repair 
(Cleaver and Thomas, 1969; Doman and Rauth, 1969;
Fiyiwara and Kondo, 1972; Ki hi man et aj_. , 1974) suggests
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that amplification in the synthesis of HA, NA and M may in 
some way be dependent on functional host cell DNA.
c ) Non-permissive infections
Studies of non-permis si ve infections have revealed additional 
ways in which the host cell can influence influenza 
replication. Non-permi ssive infections occur (a) where the 
number of infectious particles produced relative to the 
number of particles causing haemagg1utinat?on are reduced, 
and (b) where the infectivity : HA ratio is normal but the 
total yield of virus is reduced. Examples of the former 
group are PR/8 and swine virus strains in CEF cells (Klenk 
et_ a_]_. , 1975), WSN in MDBK cells (Lazarowitz and Choppin, 
1975), FPV in L-cells (Franklin and Breitenfeld, 1959; Rott 
and Scholtissek, 1963; Ghandhi et_ a_l_. , 1971), and FPV in 
Ehrlich ascites tumour cells (Bukrinskaya et al.,1978).
An example of the second group is found in WSN infection of 
certain HeLa cells (Caliguiri and Holmes, 1979).
There are two more minor groups of non-permissive infection. 
One (c) where the yields of HA and the ratio of infectivity 
to HA are both lower than those found in permissive infections 
an example being NWS infection of L-cells (Minor et aj_. , 1979) 
and the second (d) where there are no detectable progeny 
virions produced. An example of this is FPV infection of 
KB cells (Valcavi et al . , 1978).
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This classification does not denote any common cause of 
non-permissiveness within a particular group. Indeed 
examination of the causes reveals a different point at 
which influenza replication is blocked for almost every 
non-permissive virus/cel1 system. Thus in group (a),
PR8 and swine infection of CEF cells and WSN infection of 
MDBK cells are non-permissive because newly synthesized 
HA remains uncleaved (Klenk et al_. , 1975; Lazarowitz and 
Choppin, 1975). Progeny virus particles with uncleaved 
HA can still absorb to cells but are not able to replicate 
(Klenk et £]_. , 1975; Lazarowitz and Choppin, 1975). The 
fowl plague virus (FPV)/Ehrlich ascite tumour cell system 
of group (a) is non-permissive because the progeny virus 
produced is unstable owing to a reduction in the amount of 
M protein (Bukrinskaya et_ a_K , 1978). In FPV infections of 
L-cells there is an accumulation of viral NP in the nucleus 
(Franklin and Breitenfeld, 1959» Rott and Scholtissek, 1963). 
However, this is probably a reflection of some other event 
rather than the primary cause of the infection being non- 
permissive. The identity of this primary cause is not 
certain. Avery (1975) found vRNA synthesis to be blocked 
whereas Bosch et a_I_. (1978) found normal levels of vRNA but 
a reduction in polyadenyl ated transcripts 6 and 7. In the 
examples given for other groups of non-permissive infection 
different mechanisms can be seen in operation. Thus in the 
WSN/HeLa cell system (Group b) the final stages of virus
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particle maturation at the plasma membrane are blocked 
(Caliguiri and Holmes, 1979) while in FPV infection of KB 
cells (Group d) no M protein is synthesized (Valcavi et a l . , 
1978). These examples all serve to indicate that there are 
numerous host-in fl uenced steps affecting influenza at almost 
every point in its replication cycle and that negotiation 
of each of these steps requires a finely "tuned" inter­
action between the host cell and the virus. This conclusion 
is similar to that reached by Minor et. a_l_. (1979) from work 
showing that different virus strains exhibit varying growth 
characteristics in the same host cell type.
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7. Sites of synthesis of viral proteins
Cell fractionation studies and analysis of viral proteins 
and mRNAs suggest the site of synthesis of the glycoproteins 
(HA and NA) and M protein is the rough endoplasmic 
reticulum (Compans, 1973; Stanl ey et_ a K  , 1973; Hay, 197*+; 
Klenk et aj_. , 197*+; McGeoch et^  aj_. , 1976).
The synthesis of the P proteins, NP and NS1 does not appear 
to be associated with cytoplasmic membranes since the RNAs 
coding for these proteins are found mainly with free 
ribosomes (Hay, 197*+; Hay e£ aj_. , 1977).
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8. Movement of viral proteins between compartments of the 
host cel 1
Movement of viral proteins between compartments of the host 
cell has been studied using the techniques of cell fractionation 
and indirect immunofluorescence. Cytoplasmic fractionation 
procedures follow the method of Caligiuri and Tamm (1970).
This involves centrifugation of disrupted cells through 
discontinuous sucrose gradients to produce discrete bands 
of membraneous material. By this technique it is possible 
to distinguish rough and smooth endoplasmic reticulum, a 
plasma membrane fraction, a fraction containing free ribosomes 
and a soluble fraction. The fractions can be identified by 
electron microscopy (Compans, 1973; Klenk et a]_. , 197*0. 
and by their enzyme content (Hay, 197*0. However, this 
technique is subject to problems of cross-contamination of 
fractions, both by viral protein reassociating with adjacent 
fractions and by membranes resedimenting at different 
densities (Compans, 1973).
In view of its essential nature in influenza replication, 
movement of viral protein into one particular compartment 
of the cell, the nucleus, is of special interest. Movement 
of viral protein into this organelle has been studied using 
immunofluorescence (Breitenfeld and Schafer, 1957; Dimmock,
1969; Maeno and Kilbourne, 1970; Oxford and Schild, 1975)
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and nuclear/cytoplasmic fractionation techniques such as 
Dounce homogenization (Krug and Etkind, 1973; Hay, 197*+;
Hay and Skehel, 1975) or the detergent disruption technique 
of Tsai and Green (1973) (Hudson and Dimmock, 1977; Flawith 
and Dimmock, 1979).
a ) Haemagglutinin and neuraminidase
Cell fractionation studies suggest that after synthesis on 
the rough endoplasmic reticulum HA and NA migrate to the 
plasma membrane via the smooth internal membranes (Compans, 
1973; Stanley et aj_. , 1973; Hay, 197*+; Klenket_aJ.. , 197*+). 
In the course of migration these polypeptides undergo post- 
translational modifications. These involve sequential 
glycosylation at the rough endoplasmic reticulum and at the 
smooth internal membranes(Compans, 1973; Stanley et al.,
1973) and for HA, proteolytic cleavage which occurs at the 
smooth internal membranes (Klenk et. aj_. > 197*0 or at the 
plasma membrane (Lazarowitz et , 1971; Hay, 197*+).
Immunofluorescence studies suggest that HA and NA remain in 
the cytoplasm throughout the course of infection (Breitenfeld 
and Schafer, 1957; Dimmock, 1969; Maeno and Kilbourne, 1970; 
Oxford and Schild, 1975).
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b ) Matrix Protein
Within two minutes of its synthesis matrix (M) protein is 
found associated with all cell membrane fractions (Klenk 
a[. , 197^; Meier-Ewert and Compans, 197^; Hay and 
Skehel, 1975). However, whether M protein migrates to the 
nucleus is debatable. M protein has been reported to be 
entirely cytoplasmic in MOCK cells infected with either 
FP/R (Mahy e£ aj_. , 1980) or WSN (Krug and Etkind, 1973 ) and 
in HeLa cells infected with WSN (Krug and Soeiro, 1975).
On the other hand, M has been observed to accumulate in the 
nuclei of WSN or FP/R infected CEF cells (Gregoriades, 1973; 
Hay and Skehel, 1975; Flawith and Dimmock, 1979), while 
in another system (strain X 3 1 in MDBK cells) M antigen is 
present in the nuclei of some but not all cells (Oxford 
and Schild, 1975).
c) Non-structural protein 1 (NS1)
After synthesis some NS1 migrates to the nucleus (Taylor 
et aj_. , 1969, 1970; Lazo row i tz e£ , 1971; Hay and 
Skehel, 1975) and accumulates in the nucleolus (Dimmock, 
1969; Krug and Soeiro, 1975). NS1 also migrates back out 
of the nucleus, but at a rate 2 to 3 fold less than observed 
with M and NP (Flawith and Dimmock, 1979).
A curious property of NS1 is that late in infection, 
crystalline aggregates of the protein are found in the
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cytoplasm of Infected cells (Morrongiel1o and Dales, 1977; 
Nakamura et aj_. , 1978; Shaw and Compans, 1978). The 
function of such aggregates or indeed of the NS1 monomers 
1s unknown.
d ) Nucleoprotein (NP)
Studies using direct fractionation of nuclei and cytoplasm 
have shown that after synthesis in the cytoplasm, NP migrates 
rapidly to the nucleus, and in particular to the nucleoplasm 
(Krug and Etkind, 1973; Hay and Skehel , 1975). Most of this 
nuclear NP is in the form of RNPs (Krug and Etkind, 1973). 
Kinetic studies have shown there to be a *+5 min time lag 
between NP synthesis and its incorporation into virions (Hay 
and Skehel, 1975). Therefore, it is conceivable that before 
incorporation, NP passes through the nucleus. In this 
respect it has been demonstrated that a proportion of 
nuclear-associated NP does migrate back to the cytoplasm 
(Flawith and Dimmock, 1979). However, there is no hard 
evidence to show that nuclear NP contributes to virions.
e) P Proteins
There is uncertainty about the intracellular location of P 
proteins. P Proteins have been found in the nuclei of WSN 
infected MOCK cells (Krug and Etkind, 1973) but only in
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trace amounts in the nuclei of FPV infected chick embryo 
cells (Hay and Skehel, 1975). One problem in studying the 
intracellular location of P proteins is that they are 
synthesized in low amounts relative to other viral proteins. 
Another problem is that the polyacrylamide gel system used 
by both Hay and Skehel (1975) and Krug and Etkind (1973) 
could not resolve P proteins into three components. The 
former could resolve two bands while the latter could only 
resolve one. This makes interpretation of the results 
difficult since the three P proteins may behave differently 
within the infected cell.
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9. Assembly and release of virus particles from the cell
Early electron microscopic studies indicated that influenza 
virus particles were not formed inside the cell but at the 
cell surface (Murphy and Bang, 1952). Later studies using 
cell fractionation techniques as well as the electron 
microscope have provided suggestive evidence for the order 
in which viral components associate at the cell surface 
prior to maturation. Apparently, the first event is 
incorporation of HA and NA into an area of the host cell 
plasma membrane, (Compans and Dimmock, 1969; Bachi e£ a 1. , 
1969; Compans e£ a_l_. , 1970; Hay, 197*+) followed by 
attachment of M protein to the plasma membrane bearing 
the viral gl ycoprote i rts (Hay, 197M. It is difficult to 
visualize influenza nucleocapsids by the electron micro­
scope (Compans and Dimmock, 1969; Bachi et^  a_l_. , 1969), but 
evidence obtained from studies with paramyxoviruses, which 
have a larger single nucleocapsid, would suggest the next 
step in viral maturation is alignment of viral nucleocapsids 
beneath M (Compans et. aj_. , 1966; Nagai e£ ¿1_. , 1976). It 
has even been proposed that M serves as a binding site for 
nucl eocapsids (Nagai e£ aj_. , 1976).
Virion formation occurs by the process of budding in which 
there is an out-folding of those areas of the plasma membrane 
containing the full complement of viral components. As the 
out-fold increases in size so the base constricts until
;
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eventually the virion is released. In WSN infected CEF 
cells virus is released from both the free and adherent 
surfaces o f  the cell (Rodriguez Boulen and Sabatini, 1978). 
However, in some systems there is asymmetric budding with 
virus release occurring at only one of the cell surfaces. 
Thus in the chorioallantoic membrane of infected chicken 
embryos virus budding occurs only at the free luminal cell 
surfaces (Murphy and Bang, 1952), while in influenza 
infected MOCK cells, virus is released only from the free 
apical cell surfaces (Rodriguez Boulen and Sabatini, 19/8; 
Roth et aj_. . 1979).
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10. Packaging of a segmented genome
The genome of influenza virus comprises at least 8 segments 
of RNA (see above). For a progeny virus particle to be 
infectious it must contain at least one copy of each segment.
Two possibilities have been suggested as to how this might 
be achieved. The first is that viral RNA segments are 
incorporated randomly into virions from an intracellular 
pool. If on a random basis only 8 segments are incorporated 
into each virion then just 0.22% of the particles would 
contain the 8 different genes required for infectivity (Table 3). 
To achieve an infectivity to particle ratio of 10%, a value 
often observed for egg grown FP/R, each virion would have to 
package between 12 and 13 RNA segments (Table 3). As a 
consequence, virions would be expected to contain approximately
1.5 times the MW of the 8 segments. Sequence analysis has 
shown the combined MW of all 8 RNA segments to be approximately 
4.8 x 10^ daltons (Sleigh e£ a_l_. , 1979) whereas estimates of 
the amounts of RNA per virion range from 2.7 x 10^ to
3.6 x 10^ daltons (calculated from the data of: Ada and 
Perry, 1954; Frisch-Niggemeyer and Hoyle, 1956; Reimer 
£t a_L. , 1966). Therefore unless the calculations for the 
amounts of RNA per virion are underestimated it would appear 
that random incorporation is not the mechanism by which the 
genome of influenza is packaged.
Probability of a virus particle obtaining a complete genome 
by random incorporation of RNA segments assuming that 8 
different segments are essential for infectivity
Total RNA segments % of virions containing
per virion the 8 different segments
8 0.22
9 1.06
10 2.8
11 5.6
1 2 9.3
13 13.9
]k 19.7
Probabilities were calculated using the form of the 
"Inclusion and Exclusion Law":
p-Sg <s> <-nv
v=o
where N = number of segments
M = number of segments selected
(Feller, 1968)
I am grateful to Prof. P. J. Harrison for advice concerning 
thi s problem.
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It is however possible to modify the idea of random 
incorporation such that packaging of one segment restricts 
the packaging of subsequent segments (Prof. P. J. Harrison, 
personal communication). Such modifications need not be 
discussed here except to say that models, conforming to 
the observed infectivity to particle ratio, can be constructed 
in which only one copy of each segment need be packaged.
A second mechanism suggested for packaging of the influenza 
genome is that each viral RNA segment required for infectivity 
becomes linked to form a specific complex. This complex 
is then incorporated into the budding virion. There is 
evidence that viral RNP segments may be linked from electron 
microscope examinations of disrupted, or partially disrupted 
virions where what appears to be the RNP, is sometimes 
observed as a continuous strand some 6 nm long (Schulze,
1972; Almeida and Brand, 1975). However, no such continuous 
RNP strands have been observed in infected cells and any 
attempts to extract RNPs from cells yields RNPs of three 
(Duesberg, 1969; Pons, 1971) to five (Rees and Dimmock, 
unpublished data) size classes. Thus if linkage of RNPs 
is the mechanism for achieving a full genetic complement in 
progeny virions then such linkages must be somewhat fragile.
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11. The Avian Erythrocyte
The avian erythrocyte in contrast to the doughnut-shaped, 
anucieate, mammalian erythrocyte is a nucleated, flattened 
ellipsoid (Fig. 2). These highly differentiated cells 
arise by a process termed erythropoiesis.
a ) Erythropoiesis in the adult chicken
The stages of erythrocyte development are shown in Fig. 3.
The erythroblasts, which are the precursors of erythrocytes, 
are located in the bone marrow (Lucas and Jamroz, 1961; Olson, 
1963; Godet, 197^; Nigon and Godet, 1976). Here these cells 
divide and develop within sinuses lined by endothelial cells 
(01 son, 1963).
Erythroblasts are larger than cells of subsequent stages, 
contain mitochondria and are sometimes observed to have an 
amoeboid shape (Lucas and Jamroz, 1961). The nucleus is 
large in relation to the cytoplasm and stained preparations 
show it to consist of an open coarse network with chromatin 
that is clumped more than in other blast cells (Lucas and 
Jamroz, 1961). Clearly visible in these cells is a nucleolus. 
ErythroLl asts are generally considered the only cells of the 
erythrocyte series which are capable of DNA replication and 
cell division (Lucas and Jamroz, 1961; Williams, 1972).
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Erythroblasts give rise to early polychromatic erythrocytes. 
These cells differentiate through the stages of mid- and 
late-polychromatic erythrocytes into mature erythrocytes.
The terms early-, mid- and late- refer to the blue, grey 
and orange phases of colour observed in the cytoplasm of 
stained preparations (Lucas and Jamroz, 1961).
Early-polychromatic erythrocytes are rounded cells with 
a homogeneous cytoplasm, lacking great numbers of mitochondria. 
Stained preparations show that the chromatin is clumped.
The nucleolus is smaller than in the blast stage but still 
visible. Mid-polychromatic erythrocytes are rounded cells 
which are slightly smaller than the preceeding stage. No 
cytoplasmic mitochondrial spaces or nucleoli are visible. 
Furthermore, the nucleus of these cells is small relative 
to the cytoplasm. Late-polychromatic erythrocytes begin to 
show the transition from the round to the oval shape of the 
mature erythrocyte. In normal chickens all immature cells 
of the erythropoietic series are generally retained in the 
bone marrow. However, in chickens suffering from severe 
anaemia mid- and late-polychromatic erythrocytes are commonly 
detected in the blood stream (Lucas and Jamroz, 1961; Kabat 
and Attardi, 1967; Williams, 1972).
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b ) Erythropoiesis in the chicken embryo
Many of the experiments detailed in later sections involve 
the use of erythrocytes from either 13 day or 20 day 
chicken embryos. Therefore, a consideration of erythropoiesis 
in the chicken embryo is required.
Erythropoiesis in the chicken embryo is divided into primitive 
and normoblastic erythropoiesis. The former gives rise to a 
single generation of primary erythrocytes while the latter 
produces several generations of embryonic erythrocytes.
These embryonic erythrocytes are morphologically distinct 
from primary erythrocytes. Also in their early developmental 
stages they are morphologically distinct from the definitive 
erythrocyte series of the adult bird (Lucas and Jamroz, 1961). 
Despite these differences the developmental stages of primitive, 
embryonic and adult erythrocytes are given a similar 
terminology (Fig. 3).
Primitive erythropoiesis (also called megaloblastic erythro- 
poiesis as it yields large cells), starts in the area opaca, 
spreads to the area vasculosa and finally reaches the entire 
vitelline or yolk sac (Nigon and Godet, 1976). The first 
blood cells are detected 21 to 2h h after incubation. They 
have no haemoglobin and are located in structures called 
blood islands, i.e. small groups of cells enclosed by an 
endothelium. In these islands megaloblasts undergo extensive
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mitosis (Lucas and Jamroz, 1961). However, although some 
haemoglobin synthesis can be detected during the second day, 
(Wilt, 197*0 cytoplasmic and nuclear differentiation is 
inhibited until after k8 h incubation when the circulatory 
arc is completed (Lucas and Jamroz, 1961; Olson, 1963). 
Afterwards megaloblasts proceed to differentiate with a 
remarkable degree of uniformity. Thus, at *+8 h practically 
all the cells are megaloblasts, but at 65 h these have all 
differentiated into early and mid-polychromatic erythrocytes 
of the primitive series. The number of these cells reaches 
a peak at 93 h after which they decline rapidly. Only a few 
late-polychromatic erythrocytes are present at 2.7 days; 
but these increase to become the dominant cell type at k.S 
days, and then decline rapidly until by 6.7 days they have 
almost vanished. At k.2 days a few (less than 1% of the 
total) mature erythrocytes of the primitive series are 
detected. However, by 5.1 days these are the dominant cell- 
type. Mature erythrocytes of this first erythropoietic series 
are found in considerable numbers in the circulating blood 
(see Table *0 up to the l6th day of incubation (Lucas and 
Jamroz, 1961).
Normoblastic erythropoiesis starts in the yolk sac before 
megaloblastic erythropoiesis has ceased and reaches a 
maximum between the tenth and fifteenth days of incubation 
(Nigon and Godet, 1976). The erythrocytes it produces are
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mitosis (Lucas and Jamroz, 1961). However, although some 
haemoglobin synthesis can be detected during the second day, 
(Wilt, 197*0 cytoplasmic and nuclear differentiation is 
inhibited until after *48 h incubation when the circulatory 
arc is completed (Lucas and Jamroz, 1961; Olson, 1963). 
Afterwards megaloblasts proceed to differentiate with a 
remarkable degree of uniformity. Thus, at *48 h practically 
all the cells are megaloblasts, but at 65 h these have all 
differentiated into early and mid-polychromatic erythrocytes 
of the primitive series. The number of these cells reaches 
a peak at 93 h after which they decline rapidly. Only a few 
late-polychromatic erythrocytes are present at 2 .7 days; 
but these increase to become the dominant cell type at *4.9 
days, and then decline rapidly until by 6 .7 days they have 
almost vanished. At *4.2 days a few (less than 1% of the 
total) mature erythrocytes of the primitive series are 
detected. However, by 5.1 days these are the dominant cell- 
type. Mature erythrocytes of this first erythropoietic series 
are found in considerable numbers in the circulating blood 
(see Table *4 ) up to the 16th day of incubation (Lucas and 
Jamroz, 1961).
Normoblastic erythropoiesis starts in the yolk sac before 
megaloblastic erythropoiesis has ceased and reaches a 
maximum between the tenth and fifteenth days of incubation 
(Nigon and Godet, 1976). The erythrocytes it produces are
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smaller, less granular and more oval than their counterparts 
of the primitive series (Romanoff, I960). The yolk sac is 
not the only organ to possess erythropoietic activity. 
Erythropoiesis has been observed in the spleen between the 
8th and 14th day (Sandreuter, 1951) and for a brief period 
in the liver at the 8th or 9th day (Karrer, 1961). Erythro- 
poiesis in the bone marrow, which is the sole organ of 
erythrocyte production in the adult bird, starts on the 12th 
day but only becomes intense from the 16th day onwards 
(Godet, 197*0. Normablastic erythropoi es i s never shows the 
synchrony observed in megaloblastic erythropoiesis.
From the third day onwards there is an increasing tendency 
for immature erythrocytes to be retained at the loci of 
their origin. Thus by the 8th or 9th day, mitotic figures 
are rarely seen in circulating blood (Romanoff, I960). 
Consequently, the stages of differentiation seen in the 
blood from normablastic erythropoiesis are usually from 
mid-polychromatic erythrocytes to mature erythrocytes (Lucas 
and Jamroz, 1961).
Normablastic mid- and 1 ate-polychromatic erythrocytes can 
be detected from 5 days. Their number increases rapidly so 
that by 12 days they represent over 90% of blood cells. 
However, by 13 days this figure declines to about 10%. Mature 
embryonic erythrocytes do not appear until after 8.7 days.
76 -
Their number rises gradually at first and then more rapidly 
such that by 16 days they constitute 90% of blood cells.
This proportion rises still further such that by the 20th 
day almost 100% of blood cells are mature embryonic erythrocytes 
(Lucas and Jamroz, 1961; Romanoff, I960). Hatching is 
generally on the 21st day.
The percentages of the various forms of erythrocyte found in 
chick embryo blood are summarized in Table k.
c ) Structural and metabolic changes accompanying erythropoiesis
Apart from changes in shape, avian erythropoiesis leads to a 
progressive loss of ribosomes and the membranes of the 
endoplasmic reticulum and golgi apparatus. Mature erythrocytes 
possess very few of these structures (Grasso, 1973; Zentgraf 
et_ a_l_. , 1971). Another more obvious structural feature is 
a reduction in nuclear volume and an increase in condensation 
of chromatin (Lucas and Jamroz, 1961; Cameron and Prescott, 
1963). Metabolical 1 y , erythropoiesis involves a transition 
from blast cells, active in macromol ecul ar synthesis (DNA,
R N A , protein) to mature erythrocytes with relatively little 
synthetic activity. This transition forms the basis of the 
following discussion.
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d ) Structure and template activity of erythrocyte chromatin
The condensed chromatin of the mature avian erythrocyte has 
been shown to be a very poor template for bacterial RNA 
polymerase compared to chromatin from avian liver or kidney 
(Seligy and Muyagi , 1969), calf thymus (Tan and Muyagi, 1970), 
and avian erythroblasts (Gasaryan and Andreeva, 1972). In 
quantitative terms erythrocyte chromatin is only 1-2% as 
active as a template as deproteinized erythrocyte DNA 
(Seligy and Neel in, 1970). Removal of histones by acid 
extraction increases template activity to about 80% of 
deproteinized DNA. The remaining 20% can be accounted for 
by non-histone proteins (Seligy and Neel in, 1970).
That erythrocyte chromatin has a low template activity is 
also shown by treatment with DNAase II followed by isolation 
of Mg C^-soluble and Mg Cl ■ nsol ubl e fractions (Albrecht 
and Hemminki, 1977). Mg C ^ ^soluble, or template active, 
fractions have a high protein/DNA ratio and are enriched 
with nascent RNA compared to the template inactive Mg 
insoluble fractions (Bonner et^  a]_. , 1975). Erythrocytes from 
13 day embryos contain less than 30% of the amount of Mg 
soluble chromatin as brain, skin or muscle cells found in 
embryos of the same age (Albrecht and Hemminki, 1977). The 
template inactive regions of erythrocyte chromatin contain 
only small amounts of non-histone protein compared to the 
concentration of histones(Al brecht and Hemminki, 1977).
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The mechanism for achieving condensation and template 
Inactivation of erythrocyte chromatin Is, at present, not 
understood. However, It Is possible that protein fractions 
mediate In this process. The most abundant group of nuclear 
proteins the histones, become chemically modified during 
erythroycte maturation (Rul z-Car r 11 1 o e^ t a_l_. , 1974; Sung 
et a]_. , 1977) and perhaps more significantly erythrocytes 
contain a histone (H5) which is tissue specific (Neel in,
1964; HInlIca, 1964). This histone replaces histone H1 
(Hinlica, 1964). It Is more basic than HI and contains 
37.1% lysines and arginines (Gavel e_t aj_. , 1975) as opposed 
to 30% as In HI (Bustln and Cole, 1968). Therefore, a possible 
model would be that synthesis of histone H5 at a particular 
stage in erythrocyte maturation would begin the process of 
chromatin condensation and that this would Increase with the 
progressive synthesis and accumulation of the histone.
However, this histone has been shown to be present In 
erythroblasts at about 70% of the level found in mature 
erythrocytes (Appel s et. a]_. , 1972).
Some Insight Into the function of histone H5 might be gained 
by considering aspects of chromatin structure. The unit of 
chromatin structure is the nucleosome, a bead-1 Ike complex, 
which in higher eukaryotes is repeated approximately every 
200 base pairs of DNA and covers most of the genome (Hewish 
and Burgoyne, 1973; Kornberg, 1974; Shaw e£ aj_. , 1974;
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Noll, 197*t; 01 ins and 0 1 ¡ns, 197**; Axel, 1975; Finch et a l . ,
1975). Within the 200 base pair nucleosome repeat there 
are two operationally distinct regions: a nucleosome core 
containing l*+0 base pairs of DNA plus the histones H 2 a ,
H2b, H3 and H*t; and a 60 base pair DNA linker with which 
histone HI is associated (Shaw et , 1976; Noll and 
Kornberg, 1977). Morris (1976) found that comparison of 
the fragments produced by brief digestion with micrococcal 
nuclease indicated that chicken erythrocyte chromatin had 
a longer nucleosome repeat (212 base pairs) than chicken liver 
chromatin (200 base pairs). More extensive digestion with 
micrococcal nuclease demonstrated that both tissues had 
]k0 base pair nucleosome cores. The difference in nucleosome 
repeats is therefore due to an increase in the length of 
linker DNA, an increase that may be stabilized by the 
additional basicity of histone H5.
These results, together with similar studies on sea urchin 
sperm and gastrular cells (Spadofora et, aj_. , 1976), have led 
to the suggestion that genetic activity is correlated with 
the length of nucleosome repeat (Morris, 1976).
Non-histone proteins are unlikely to play an active role in 
erythrocyte chromatin condensation since they are reduced 
th ree- fold during maturation (Ruiz-Carrillo et, aj_. , 197*0 .
There is however one protein (MW 50,000) which is apparently
81
selectively retained (Ruiz-Carri 1 1 o a_l_. , 197*0. Despite 
this reduction in the level of non-histone proteins several 
of them continue to be synthesized, albeit in small amounts, 
in mature erythrocytes (Jeter e£ aj_. , 1976). The reason for 
this continued synthesis is unknown, although it is reasonable 
to speculate some involvement with transcriptional control.
e) Nucleic acid synthesis in avian erythrocytes
In view of preceding statements it is of no surprise that 
only small smounts of RNA synthesis can be detected in mature 
erythrocytes (Attardi £t aj_. , 1970; Madgwick e_t » 1972; 
Macl ean and Madgwi ck , 1 973 ; Zentgraf et^  £j_. , 1975). This 
RNA is heterogenous in size, is capped (Attardi et aj_. , 1970; 
Zentgraf £t aj_. , 1975) and binds to poly (U)-sepharose 
columns, indicating the presence of poly A tracks (Zentgraf 
.et aj_. , 1975). RNA synthesis in mature erythrocytes is 
inhibited by AMD and er-amanitin (Madgwick e£ aj_. , 1972;
Attardi et. , 1970; Zentgraf et a_l_. , 1975) suggesting 
involvement by RNA polymerase II (see below). However, this 
RNA synthesis exhibits several unusual properties compared 
to that in more active cell types. The majority of the RNA 
is retained in the nucleus (Attardi et a_l_. , 1970; Madgwick 
et. aj_. , 1972; Zentgra f et aj_. , 1975) probably in the inter- 
chromatic regions (Zentgraf et^  a_l_. , 1975). In erythrocytes 
nearing maturity (i.e. late-polychromatic erythrocytes isolated
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from anaemic hens) there are 4000 species of poly (A)+ hn 
RNA present in the nucleus, but only about 100 species of 
poly (A)+ mRNA in the cytoplasm (Laskey et a[. , 1978). 
Analysis of the kinetics of incorporation of radioactive 
precursors indicates that this RNA synthesis involves 
elongation of pre-existing chains (Zentgraf e_t aj_. , 1975) 
with rapid subsequent degradation (Attardi et £]_. , 1970; 
Zentgraf et aj_. , 1975).
The pattern of nucleic acid synthesis during erythropoie s is 
has been studied using blood cells from ducks treated with 
phen1yhydrazine to induce anaemia. The different cells of 
the erythropoietic series were separated according to their 
buoyant density by centrifugation through bovine serum 
albumin (BSA) gradients (Attardi e£ aj_. , 1970). The average 
buoyant density of both avian and mammalian erythrocytes 
increases with their chronological age and with their degree 
of maturity (Leif and Vinograd, 1964; Kabat and Attardi,
1967).
The bulk of RNA synthesis was found associated with erythro- 
blasts and with the early- and mid-polychromatic erythrocytes. 
Late polychromatic and mature erythrocytes contributed only 
minor amounts (Attardi et_ a_l_. , 1970). Heterogenous RNA (hn 
RNA) synthesis was found to continue throughout erythrocyte 
development, although in decreasing amounts, while ribosomal
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RNA (rRNA) synthesis ceased during the mid-polychromatic 
stage. However, the size distribution of hn RNA changed 
during maturation. Thus erythroblasts and early poly­
chromatic erythrocytes produced large amounts of RNA with 
a sedimentation coefficient of 9S while the later stages 
produced very little. This 9S RNA is thought to be globin 
mRNA (Attardi e£ a_l_. , 1970) but was not translated j_n vitro.
f) Nucleotide polymerases in erythrocytes
Additional information about the metabolic capabilities of 
maturing and mature erythrocytes can be gained by studying 
relative nucleotide polymerase levels.
All three DNA dependent RNA polymerase enzymes are found in 
cells of the erythropoietic series (Longacre and Rutter, 1977; 
Kruger and Seifart, 1977). Although polymerase III, 
responsible for transcription of tRNA and 5S RNA genes 
(Weinman and Roeder, 197*0 appears to be only just detectable 
even in erythrobl asts (Longacre and Rutter, 1977).
Levels of RNA polymerase I, which synthesises rRNA, decrease 
rapidly during erythropoiesis such that early polychromatic 
erythrocytes contain less than half that found in erythro- 
blasts. By the mature erythrocyte stage this enzyme is 
virtually undectable (Longacre and Rutter, 1977)* By contrast
8U
the levels of polymerase II, which synthesises mRNA decrease 
much more slowly. Early polychromatic erythrocytes contain 
80% of the amount found in erythroblasts and significant 
amounts (15% of the erythroblast level) are still found in 
mature erythrocytes (Longacre and Rutter, 1977). Kruger and 
Seifart (1977) have confirmed the presence of significant 
amounts of polymerase II in mature erythrocytes.
Three forms of DNA polymerase are isolated from maturing 
erythrocytes. Two correspond to the er and fi polymerases, 
which are generally found in eukaryotes, while the third 
form seems to be unique (Longacre and Rutter, 1977). DNA 
polymerases are present in significant amounts even in the 
late polychromatic erythrocyte stage (Longacre and Rutter, 
1978). Williams (1971) reported that DNA synthesis ceased 
at the erythroblast stage, while Attardi et al_. (1966) found 
some DNA synthesis in polychromatic erythrocytes. Therefore, 
it is not clear whether the DNA polymerases found at late 
stages of erythrocyte development serve any function.
Two RNA-dependent ribonucleotide transferases have been 
identified in developing erythrocytes. One has the properties 
of a terminal ribonadenyl-transferase (poly (A)-polymerase) 
and is found in erythrocytes at all developmental stages 
(Longacre and Rutter, 1977). This fact complements the 
finding by Zentgraf e_t a 1 . (1975) that hn RNA of mature
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erythrocytes contains poly A regions. The second ribonucleotide- 
transferase is capable of utilizing ribotriphosphates other 
than ATP (Longacre and Rutter, 1977). A similar activity has 
been found in other cell types (Wilkie and Smell ie, 1968;
Scha fer e^ t a_l_. , 1972; Niessing and Sekeris, 1973; Mikoshiba 
e£ £]_. , 197*0. although no specific function seems to have 
been ascribed to it. The levels of this enzyme are not 
significantly altered during the course of erythroid maturation 
until the final stage when a precipitious decline is observed 
(Longacre and Rutter, 1977). Its presence at normal levels 
when most other nucleotide polymerizing activities have 
declined suggests that it is very stable and/or has a continuing 
function in cellular metabolism.
From these results it is clear that the synthetic capability 
of erythrocytes steadily decreases during maturation.
However, the final product of this maturation, the mature 
erythrocyte, is not completely metabolical 1y inert. It is 
of interest to note that the shut down in nuclear activity 
during erythropoiesis is reversible. Introduction of the 
erythrocyte into the cytoplasm of a metabolical 1y active cell 
results in expansion o f  erythrocyte chromatin followed by a 
resumption of nucleic acid synthesis (Harris, 1965. 1967;
Bol und et_ a_l_. , 1969; Harris et aj_. , 1969). This reactivation 
has been described as starting not from zero, but from the 
'smouldering activity' already present with erythrocyte 
(Zentgraf et a l ., 1975).
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12. Other cell types found in circulating avian blood
a ) Thrombocytes 
i) Thrombocytes in the adult
These are the smallest cells seen in the blood of the fowl. 
They vary considerably in size and form (Olson, 1963). The 
typical thrombocyte is oval with a round nucleus in the 
centre of a clear cytoplasm. There are two or three small, 
brightly red-staining granules at the pole of the cell.
The chromatin of the nucleus is dense and is clumped into 
relatively coarse masses.
The definitive thrombocytes of the adult arise from 
thromboblasts located in the bone marrow. These differentiate 
into mature thrombocytes through the stages of early, mid 
and late immature thrombocytes (Lucas and Jamroz, 1961).
In the adult, thrombocytes comprise approximately 0.8% of 
blood cells (Olson, 1963).
i i) Thrombocytes in the Embryo
The thrombocytes of the embryo appear as a clearly defined 
cell line soon after the primary erythroblasts are well 
established and are clearly present by 68 h incubation (Lucas 
and Jamroz, 1961).
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Thrombocytes of the embryo are seldom ovoid in shape and 
show other differences from adult thrombocytes. For example, 
embryonic thrombocytes contain larger specific granules 
(Lucas and Jamroz, 1961). As a consequence of these differences 
a different terminology exists for cells of the embryonic 
thrombocyte series (Lucas and Jamroz, 1961). Thus thrombo­
blasts give rise to large embryonic thrombocytes which give 
rise to medium embryonic thrombocytes and finally, to small 
embryonic thrombocytes.
Thromboblasts disappear from the circulation by about the 
8th day of incubation (Lucas and Jamros, 1961). It is not 
until nearly hatching that definitive thrombocytes appear 
(Lucas and Jamroz, 1961).
b ) Leukocytes
In the adult bird leukocytes account for about 0.6% of blood 
cel 1 s (01 son, 1963).
In the embryo leukocytes are seen only very rarely up until 
about the time of hatching (Lucas and Jamroz, 1961). In 
embryos 14 to 16 days old leucocytes form about 0.01% of 
blood cells. By 20 days this has risen to about 0.4%
(Romanoff, I960).
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600-800 Ci/mmol; Phosphorus-32, 80-130 Ci/mg of phosphorus; 
Emethyl- thymidine, 18-25 Ci/mmol; [ 5-^H1 uridine,
25-30 Ci/mmol.
1 . R a d i o l a b e l1ed Components
These were ob ta in ed  from the Rad io ch em ica l  C en tre ,  Amersham,
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2. Electrophoresis Components
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Bio-Rad Laboratories Ltd., Richmond, California.
3. Chemi cals
Bovine serum albumin (BSA) Fraction V and Ficoll (analytical 
grade) were obtained from Sigma London Chemical Co. Ltd., 
Poole, Dorset. Sheep anti-rabbit fluorescent immunoglobin 
was obtained from Wellcome Laboratories, Beckenham, Kent.
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Nonidet PLO (NP*+0) was obtained from BDH Chemicals Ltd., 
Poole, Dorset, and Tri - isopropylnaphalenesul fonic acid 
(TNS) was obtained from Eastman-Kodak, Rochester, New York.
U. Enzymes
Trypsin Type III and DNase Type I were obtained from Sigma 
London Chemical Co. Ltd., Poole, Dorset.
5. Tissue Culture Medium
All tissue culture media and newborn calf serum were obtained 
from Flow Laboratories Ltd., Irvine, Ayrshire, Scotland.
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1. Breeds of Chicken
Two breeds of chicken were used in these experiments. One 
was a hybrid strain, obtained from Locksley Ltd., Nuneaton, 
which was derived from a Light Sussex female and a C020 male. 
This was used for experiments detailed in the first results 
section. However, the breeder went out of business and a 
new supplier was found (Hawksley Chicks Ltd., Evesham). The 
breed of chicken obtained from this supplier was White Legome. 
No significant differences in response to infection by 
viruses could be found between erythrocytes of the two breeds.
2. Cel 1s
Avian erythrocytes were obtained from 13-day old chick 
embryos by cutting the allantoic blood vessels and allowing 
blood to drain into the allantoic fluid for 5-10 min. This 
fluid was removed from the egg and erythrocytes collected 
by centrifugation at 500 g for 10 min and washed twice in 
Alsevers solution (0.114 M glucose, 0.0718 M NaCl, 0.031 H 
Tri-sodium citrate, 0.00286 M citric acid). Erythrocytes 
from 20-day embryos were obtained by removing them from the 
e g g , decapitating and allowing blood to drain into Alsevers 
solution. Erythrocytes from adult birds were withdrawn from 
a wing vein. Erythrocytes from both 20-day embryos and adult
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birds were washed twice in A1severs solution after collection.
Primary chick embryo fibroblasts (CEF) cells were prepared 
as described by Morser £ £  a i . (1973). These were seeded at 
concentrations of 9 x 10^ cells/3 mis in 5 cm plastic petri 
dishes. Cell monolayers were used when confluent.
3. Vi ruses
The type A influenza viruses used were the avian strain 
A/FPV/Rostock/34 (FP/R) (Hav 1 N1 ) , A/FPV/Dutch/27 (Hav 1 
Neq 1) and the human strains A/WSN; A/NWS, A/PR/8/34 (HO N 1); 
A/Jap/305/57 (H2 N 2 ); A/HK/1/68 (H3 N2). All were grown by
inoculation o f  about 10”* PFU or EID50 into the allantoic 
cavity of embryonated chicken eggs. Those infected with 
avian strains were incubated for 18 h at 37°C and the others 
for 48 h at 33°C. Allantoic fluid was collected and used as 
the inoculum. Infectivity of avian strains were determined 
by plaque assay on CEF monolayers as described by Dimmock 
and Watson (1969) and Meier-Ewert and Dimmock (1970).
Newcastle Disease virus (NDV) strain Texas was grown in eggs 
as described for avian influenza strains except that infected 
eggs were incubated for 48 h at 37°C. Infectivity was 
determined by plaque assay on CEF monolayers.
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Semliki Forest virus (SFV) was grown from an inoculum of 
infected mouse brain in a suspension of CEF cells (2.7 x 10^ 
cel 1s/ml) as described by Kennedy and Burke (1972). 
Infectivity was determined by titration on CEF monolayers.
k . Measurement of influenza virus haemaqqlutinin and 
neurami nidase
Haemagglutinin was measured using a 0.5% suspension of 
chicken erythrocytes (Borland and Mahy, 1968). Neuraminidase 
(NA) was assayed by the liberation of N-acetyl neuraminic 
acid from fetuin. This product can be converted to a 
coloured compound and thereby measured spectrometrical 1 y 
using reactions described by Warren (1959) and Aminoff (1961).
5. Preparation of labelled FP/R
3 5[ ST Methionine labelled FP/R for use as markers in poly­
acrylamide gel electrophoresis was prepared as described 
by Dimmock aj_. (1977) in de-embryonated eggs. De- 
embryonated eggs were used as incorporation of the radioactive 
label into virion occurs with a greater effeciency (Dimmock 
et a_]_. , 1977).
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6. Purification of erythrocytes by centrifugation through 
10% Fi col 1
A 10% solution of Ficoll was prepared in PBS and sterilized
by autoclaving (5 1b psi for 10 min). Blood cells (2 ml)
in A1severs solution were diluted with ice cold 10% Ficoll
o
(1 ml) to a final concentration of 4 x 10 cells/ml. This 
mixture (1.5 ml) was layered onto 10 ml of 10% Ficoll and 
centrifuged at 100 g for 10 min at it°C. Erythrocytes 
sedimented to the bottom of the tube leaving a mixture of 
white cells and erythrocytes at the interface. The purity 
of these cell populations was monitored by phase contrast 
microscopy and by the use of a Coulter Channelyzer C-1000 
(Coulter Electronics Ltd., Harpenden, Herts.).
7. Analysis of blood cells by the use of a Coulter Channelyzer
3 X 10^ Cells were added to 20 ml of Isoton II (Coulter 
Electronics Ltd., Harpenden, Herts) and pumped through a 
Coulter Channelyzer C-1000 (Coulter Electronics Ltd., Harpenden, 
Herts). This machine measures and displays in the form of a 
trace (see Section 1) the distribution of suspended particles 
as a function of their relative volumes. Calibration of the 
machine with standard sized sephadex beads and application of 
the appropriate formula (see below), allows conversion of 
relative vol urnes to actual volumes.
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8. Calculation of actual cell volumes from the Coulter 
Channelyzer
Calculation of actual volume is achieved by using the following 
formula:
WW[Channel No. x + BCT 1 x TF = Cubic microns
The Coulter Channelyzer separates particle size into 100 
channels. The channel number corresponds to the position of 
the peak on the trace. Base Channel Threshold (BCT) determines 
the smallest particle size to be included in the 100 channel 
s ize ana lysis.
Window Width (WW) determines the percentage of the 100 
channels of the Coulter scale to be included in the analysis.
TF is a constant, the value of which is determined by 
calibration of the machine with standard sized sephadex 
beads.
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9. In feet ion of eel 1 s
Erythrocytes in suspension (10^ in 1 ml medium 199) and CEF 
monolayers were infected with influenza A virus at moi of 
about 30 PFU or EID50/ce11 . Erythrocytes and CEF monolayers 
were infected with SFV and NDV at 30 PFU/cell. Virus was 
adsorbed to cells for 60 min at 37°C, fol 1 owing which cells 
were washed twice with medium 199. After infection, cells 
were incubated in medium 199 (10^ cel 1s/ml) containing 5% 
newborn calf serum buffered with 20 mM HEPES-NaOH to pH 7.*+. 
Erythrocytes were kept in suspension on a Rolamix mixing 
wheel (Luckham & Co. Ltd., Burgess Hill, Sussex). The 
period of infection was measured from the time that virus 
was added to cells.
10. Radiolabel 1inq of cells with S-methionine
Prior to labelling, cells (10^ erythrocytes/ml or ~  10^ CEF 
cells in a 5 cm plastic petri dish) were washed twice with 
buffered Earles saline to remove all traces of maintenance 
medium. Labelling was carried out in 1 ml Earles saline 
buffered with 20 mM HEPES-NaOH to pH 7.k and containing 
100 u Ci ^■’S-methionine.
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11. Dispersal of agglutinated erythrocytes following 
infection with influenza A viruses.
Aggregates of erythrocytes produced by infection with 
influenza A viruses were dispersed by incubating the cells 
for 30 min at 37°C in Earles saline containing 25 mM 
Tris-HCl pH 7.7 and 10 mg/ml trypsin (Type III). This 
treatment did not affect the ability of erythrocytes to 
synthesize labelled viral proteins as determined by poly­
acrylamide gel electrophoresis (see Section 1).
12. Polyacrylamide gel electrophoresis (PAGE)
20 cm x 20 cm Polyacrylamide gradient slab gels containing 
sodium dodecyl sulphate (SDS) were prepared using the Tris- 
glycine buffer system (Laemmli, 1970). The polyacrylamide 
gradient was from 10-30% w/v and this was stabilized by 
0-8% glycerol. The reagents, along with their amounts, used 
in the preparation of these polyacrylamide gels are shown 
in Table 5.
All solutions of reagents were prepared using double 
distilled water. Gradients were prepared using a twin 
chambered gradient maker and poured under gravity. Ammonium 
persulphate concentrations were designed such that after
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pouring acrylamide polymerisation started at the lowest 
concentration of acrylamide (i.e. the top of the gel) and 
proceeded downwards. This was to minimize disturbance to 
the gradient through heating effects.
Samples were prepared by heating in a boiling water bath 
for 2 min with 1/10th of a volume of 1% e-mercaptoethanol 
together with 1.4% w/v SDS. After electrophoresis at 20 mM 
for 13 h the gels were dried under suction onto a filter 
paper and exposed to Kodirex film (Kodak Ltd., Hemel Hempstead, 
Herts) for 5-8 days.
13. Determination of the amount of radioactivity in protein 
bands
Protein bands were cut out of dried polyacrylamide gels and 
placed into 3 ml of gel slice scintillant. This comprized 
of 4.2% NCS tissue solubilizer (Amersham, Arlington Heights, 
Illoinis), 4.6% liquifier (4 g 2-5-diphenyloxazole , PPO),
50 mg p-bis (2-(5-phenyloxazoly )-benzene, P0P0P; 42 ml 
toluene), 90.2% toluene and 1% water. Slices were incubated 
for 48 h at 37°C and then cooled for 6 h at 4°C before counting 
in a Packard Tri-Carb scintillation counter. Values were 
normalized for differences in amounts of protein by comparing
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the radioactivity in four equivalent areas (not containing 
viral proteins) of each sample track.
3?
1 i+. Rad i ol abei 1 i nq of ceils with P
Erythrocytes and CEF cells were incubated for 1 h at 37°C 
in phosphate-free GMEM (GMEM-P) containing 5% newborn calf 
serum, which had been dialysed against Earles saline buffered 
to pH 7.5 with 10 mM Tris-HCl. Following this, the cells 
were transferred to GMEM-P containing 5% dialysed newborn 
calf serum and 3 P (1 mCi/10 cells). After a 2 h incubation 
period at 37°C, ^ P  containing medium was removed and the 
cells infected with FP/R (dialysed to remove phosphates) as 
described previously. Once the period allowed for adsorption 
of virus was over, the P containing medium was added back 
to the cells and incubation at 37°C continued for a further 
7 h. After this time the cells were washed four times in 
ice-cold PBS and the RNA extracted.
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15. Extraction of total cell RNA
Extraction of RNA was as described by Logan (1979). At the 
end of the labelling period, cells were washed three times 
in ice-cold PBS and then pelleted by centrifugation. Cell 
pellets were resuspended and dissolved in 50 mM Tris (pH 8.5) 
containing 1% (w/v) tri- isopropylnaptha Iene-sulphonic acid 
and 6% (w/v) 4-aminosalicyclic acid and deproteinized by 
addition of an equal volume of a phenol-chioroform-isoamyl 
alcohol mixture, (500 g of phenol (detached crystals), 70 ml 
of redistilled m-cresol and 0.5 g of 8-hydroxquinoline, 
saturated with 50 mM Tris, pH 8.5 (50 volumes); chloroform 
(50 volumes), and isoamyl alcohol (1 volume)). After 
vigorous shaking and centrifugation the aqueous phase was 
removed and extracted twice more with the phenol mixture, 
twice with ch1oroform-octanol (24:1 v/v) and finally, twice 
with ether. Residual ether was blown off in a stream of N j , and 
NaCl was added to a final concentration of 100 mM. Most of the 
cell DNA was removed after gentle mixing with an equal volume 
of ethanol for 15 sec at room temperature, and centrifugation 
at 1000 g for 3 min to remove the precipitate. The remaining 
nucleic acid was precipitated by addition of a further 1.5 
volumes of ethanol and storage overnight at -20°C. Yeast 
tRNA (4 mg/ml) was added to aid precipitation of nucleic acid.
The precipitated RNA was recovered by centrifugation (30,000 g) 
for 30 min at 4°C and dried in a stream of Nj. Contaminating
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DNA was removed from this preparation by incubation with 
DNase (100 ag/ml) for 2 h at 37°C and the purified RNA 
re-extracted using phenol. RNA was analysed by PAGE using 
modifications, described by Crumpton et^  a]_. (1978) of methods 
developed by Floyd e£ a K  (197*0 and Palese and Schulman 
(1976).
16. Fluorescent antibody staining
a ) Preparation of antisera against FP/R ribonucleoprotein (RNP)
Antisera was prepared by inoculation of purified RNPs into New 
Zealand white rabbits as described by Kelly and Dimmock (197*+).
b ) Fluorescent antibody staining of erythrocytes
Erythrocytes which had become aggregated following infection 
with FP/R were dispersed by treatment with trypsin (see 
Section 1). Residual inoculum virus was inactivated by 
resuspending the cells in PBS adjusted to pH 3 for 1 min at 
*+°C following which the pH was returned to 7.5 by the addition 
of PBS containing NaOH. Cells were then washed, resuspended 
in maintenance medium and incubated at 37°C for the required 
periods of time. On completion of incubation cells were 
washed, resuspended in maintenance medium containing 20%
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newborn calf serum and smeared on a microscope slide.
Smears were dried with a fan and fixed in acetone at *f°C. 
Cells were stained by the indirect technioue, firstly with 
antisera against FP/R RNPs for 30 min at 37°C and then with 
Fluorescein isothiocyanate (FITC) conjugated sheep anti­
rabbit IgG for the same period.
After incubation with serum, preparations were soaked in 
PBS for U0 min with six changes of solution to reduce the 
background level of fluorescence. Fluorescence was observed 
with a Reichart Binolux II microscope and all photographic 
procedures were kept constant to allow direct comparison 
of the prints.
c) Fluorescent antibody staining of CEF cells
CEF cells were grown on ethanol washed, heat-sterilized 
16 mm glass coverslips in 5 cm plastic petri dishes. Plates 
were seeded at 1-2 x 10^ cells per plate and allowed to grow 
to 30-50% confluency in maintenance medium. Infection and 
indirect fluorescent antibody staining of these cells was 
as described previously (Kelly and Dimmock, 197*+; Minor 
and Dimmock, 1975).
/
103
17 . TCA precipitation following radioactive labelling of 
cel 1 s
a ) After radioactive labelling with precursors of protein 
synthesi s
Cell samples lysed with 0.1% SOS were spotted onto 1 cm 
Whatman No.1 filter papers and immersed in 10% TCA containing 
0.1% of the relevant cold amino acid. The filter papers were 
boiled for 15 min, washed twice in 5% TCA, twice in ethanol 
and once with ether. Filter papers were dried under an 
infra-red lamp and radioactivity determined with a Packard 
Tri-carb scintillation counter using toluene containing 
2-5-diphenyloxzole (PPO) (5 g/litre) as scintillation fluid.
b) After radioactive labelling with precursors of nucleic 
acid synthesis
Cell samples lysed with 0.1% SOS were spotted onto 1 cm 
Whatman No.1 filter papers which were immersed in ice-cold 
10% TCA for 30 min on ice. Following this, they were given 
two 10 min washes in ice-cold 5% TCA, two 10 min washes in 
ethanol and one wash in ether. Filter papers were dried and 
radioactivity determined as above.
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c) TCA soluble radioactivity
This is the amount of radioactive label taken up by cells, 
but not incorporated into TCA précipitable material. It was 
determined by subtraction of TCA précipitable radioactivity 
from the total amount of radioactivity found in cells after 
the labelling period. The latter was determined by washing 
labelled cell samples 4 times in maintenance medium, 
resuspending in 100 u,l of 10 mM Tris/HCl (pH 7.4) and 
digesting at room temperature for 24 h with an equal volume 
of soluene-350 (Radiochemical Centre, Amersham, Berkshire). 
Radioactivity was measured in a Packard tri-carb scinti llati 
counter using toluene containing triton X-100 (33.3% v/v) 
and PPO (4.0 g/1 ) as scintillation fluid.
TCA precipi table ^H-leucine was determined as follows: 
after labelling cells were washed three times with PBS, 
following which 4 volumes of 10% TCA (containing 0.05% w/v 
leucine) were added. This caused all erythrocytes to lyse. 
Cell extracts were incubated at room temperature for 2 h and 
precipitates collected by centrifugation (9900 g for 5 sec 
using an Eppendorf microfuge). The pellet was washed twice 
with 10% TCA, twice with ethanol, once with ether and dried 
overnight in a vacuum desicator. The pellet was resuspended 
in 100 U 1 of 10 mM Tris-HCl pH 7.5 and 100 ^1 of soluene-350 
(Packard Instruments Ltd., Caversham, Berkshire) and 
incubated for 24 h at room temperature. Determination of 
radioactive counts was as described for total counts.
on
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TCA précipitable ^H-uridine was determined in the same way 
except that k volumes of ice-cold 10% TCA were added to 
erythrocyte samples and the nucleic acids allowed to 
precipitate for 30 min on ice. Nucleic acids were pelleted 
by centrifugation (9900 g for 5 sec using an Eppendorf 
microfuge) and the pellets washed twice in ice cold 5% TCA 
before being washed in ethanol and ether.
18. BSA gradients
a ) Unbuffered balanced salt solution (UBSS)
This was prepared to be isotonic with chicken serum (Shortman, 
1970). It contained 0.168 M N a C l , 121 v o l ; 0.168 M K C 1 ,
U vol ; 0.112 M CaCl2 , 3 vol; 0.168 M K H 2 P0^, 1 vol;
0-168 M Mg SO^, 1 vol. Problems of erythrocyte clumping 
are reduced if gradients are centrifuged at pH 5.1 (Shortman, 
1970). This is the pH of a solution of BSA. For this reason 
no buffering system was introduced into the balanced salt- 
sol ut i on.
b ) Pi al ysi  s o f  BSA
A 15-20% solution of BSA Fraction V was prepared in deionised, 
distilled water and dialysed for 72 h at ^°C against 6 changes
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TCA précipitable ^H-uridine was determined in the same way 
except that k volumes of ice-cold 10% TCA were added to 
erythrocyte samples and the nucleic acids allowed to 
precipitate for 30 min on ice. Nucleic acids were pelleted 
by centrifugation (9900 g for 5 sec using an Eppendorf 
microfuge) and the pellets washed twice in ice cold 5% TCA 
before being washed in ethanol and ether.
18. BSA gradients
a ) Unbuffered balanced salt solution (UBSS)
This was prepared to be isotonic with chicken serum (Shortman, 
1970). It contained 0.168 M NaCl , 121 vol; 0.168 M KC1 , 
k vol; 0.112 M CaCl2 , 3 vol; 0.168 M K H2 P0^, 1 vol;
0-168 M Mg S0^, 1 vol. Problems of erythrocyte clumping 
are reduced if gradients are centrifuged at pH 5.1 (Shortman, 
1970). This is the pH of a solution of BSA. For this reason 
no buffering system was introduced into the balanced salt- 
sol ut i on.
b ) Dialysis of BSA
A 15-20% solution of BSA Fraction V was prepared in deionised, 
distilled water and dialysed for 72 h at k°C against 6 changes
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of deionised distilled water. To prevent bacterial growth 
six drops of chloroform were added to each change of 
dialysis water. After dialysis albumin was freeze dried 
and stored at -20°C.
c) Preparation of a 35% w/w stock solution of BSA
100 g Of dialysed, freeze dried, BSA was disolved in 181 ml 
of UBSS and 5 ml of deionised, distilled water. The water 
was to compensate for the slight osmotic pressure contribution 
of the albumin itself (Shortman, 1970). The concentration 
of this stock solution was checked by measuring its 
refractive index. A 35% w/w solution of BSA has a refractive 
index of 1 .1+003 .
d ) Preparation of BSA gradients
Discontinuous BSA gradients were prepared in 1*+ ml poly­
carbonate centrifuge tubes (MSE Scientific Instruments Ltd., 
Crawley, Sussex). The concent rations of BSA used were 27%.
25%, 23%, 21%, 19% and 17% (see Fig. 1+). This figure shows 
the volumes of the various concentrations used in the 
preparation of a discontinuous BSA gradient. These concentrations 
were prepared by dilution of the BSA stock solution with UBSS.
The accuracy of these dilutions were checked by refractometry.
All gradients were used within 30 min of pouring. Blood cells
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Fig, k
Preparation of BSA Gradients
• BS/>
concentrat ion
17%
19%
21%
23%
2 5%
27%
1 0 8
Q
10 (the maximum number of cells that can be separated in
Q
a gradient of the type described is 1.5-2 x 10 cells,
Dicke, 1970) were suspended in 1 . 5 ml of 17% BSA solution 
and gently pipetted on top of the 19% BSA layer. The 
gradient was centrifuged (1000g ) for 30 min at 10°C in a 
Sorvall RC-5B centrifuge using a HB4 swing-out rotor 
adapted for 1^ ml tubes.
After centrifugation distinct layers of cells were visible 
in the gradient near the density interfaces. These layers 
were collected with the aid of a Pasteur pipette. The cell 
fractions between the 17 and 19% BSA layers and the 19 and 
21% BSA layers contained few cells and so these were counted 
as one fraction, designated fraction 1. Fraction 2 was the 
cell layer between 21 and 23% BSA layers, fraction 3 was 
between 23 and 25% BSA layers, fraction U was between 25 and 
27% BSA layers and fraction 5 consisted of those cells which 
formed a pellet at the bottom of the gradient. After each 
fraction had been collected it was diluted with maintenance 
medium, centrifuged, washed twice in maintenance medium and 
the number of cells counted with a haemocytometer.
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19. Fractionation of Nuclei and Cytoplasm
For CEF cells this was achieved using the 'nuclear monolayer 
method' described by Hudson and Dimmock, 1977.
This technique was adapted for erythrocytes as follows.
,07 Erythrocytes were pelleted (500 g for 10 min), maintenance 
medium removed and resuspended in 0.5 ml of nuclear monolayer 
buffer (NMB) (0.25 m sucrose, 1 mM MgClj# 10 mM Tris/HCl 
pH 7 . M  containing 2% NP^O for 5 min at 0-it°C. This time 
was the same as that used for CEF cells although it was 
noted that all erythrocytes lysed within 1 min of addition 
of NPUO solution. Nuclei were pelleted and the NP*+0 solution 
removed and stored on ice as a cytoplasmic fraction. Treatment 
with NPlfO solution was repeated, the nuclei resuspended in 
50 y, 1 NMB and their purity checked using phase contrast 
microscopy. The nuclei were stored at -70°C until analysis 
by PAGE.
The proteins in the cytoplasmic fraction were precipitated 
by the addition of b volumes of ice-cold acetone for 15 min 
at 4°C. The precipitated protein was collected by centri­
fugation (1000 g for 5 min). Residual acetone was removed 
by drying overnight in a vacuum desicator and pellets were 
resuspended in 50 U 1 of NMB using a soni-bath and stored at 
-70°C until analysis by PAGE.
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Infection of avian erythrocytes with Fowl 
Plague virus, Newcastle Disease virus and 
Semliki Forest virus
-  1 1 0 -
Earlier work with heterokaryons produced by fusion of avian 
erythrocytes with 'enucleated1 BHK cells (Kelly and Dimmock, 
197*+; Minor and Dimmock, 1976) had indicated that the avian 
erythrocyte nucleus may support the synthesis of some but 
not all influenza virus proteins. To investigate this 
possibility further erythrocytes were infected directly 
with the avian influenza strain FP/R. The erythrocytes used 
in the heterokaryon work were from either 11 day (Minor and 
Dimmock, 1976) or 13 day (Kelly and Dimmock, 197*+) old chicken 
embryos. To be consistent with this data the present studies 
were also began with erythrocytes from chicken embryos. 
However, erythrocytes from t3 day old embryos were chosen 
since they are reported to contain a higher proportion of 
mature erythrocytes than the erythrocyte population of 11 
day old embryos (Romanoff, I960). Therefore results detailed 
in this section are from experiments with erythrocytes from 
13 day old embryos unless stated otherwise.
Avian erythrocytes were also infected with two other 
viruses: Newcastle disease virus and Semliki Forest virus.
These viruses have no absolute requirement for a functional 
host cell nucleus and so (unlike as is possible for influenza) 
their replication should not be directly affected by the 
comparatively dormant state of the erythrocyte nucleus.
1. I n t r o d u c t  ion
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1. Introduct ion
Earlier work with heterokaryons produced by fusion of avian 
erythrocytes with 'enucleated' BHK cells (Kelly and Dimmock, 
197*+; Minor and Dimmock, 1976) had indicated that the avian 
erythrocyte nucleus may support the synthesis of some but 
not all influenza virus proteins. To investigate this 
possibility further erythrocytes were infected directly 
with the avian influenza strain FP/R. The erythrocytes used 
in the heterokaryon work were from either 11 day (Minor and 
Dimmock, 1976) or 13 day (Kelly and Dimmock, 197*+) old chicken 
embryos. To be consistent with this data the present studies 
were also began with erythrocytes from chicken embryos. 
However, erythrocytes from 13 day old embryos were chosen 
since they are reported to contain a higher proportion of 
mature erythrocytes than the erythrocyte population of 11 
day old embryos (Romanoff, I960). Therefore results detailed 
in this section are from experiments with erythrocytes from 
13 day old embryos unless stated otherwise.
Avian erythrocytes were also infected with two other 
viruses: Newcastle disease virus and Semliki Forest virus.
These viruses have no absolute requirement for a functional 
host cell nucleus and so (unlike as is possible for influenza) 
their replication should not be directly affected by the 
comparatively dormant state of the erythrocyte nucleus.
Therefore, these viruses may provide some measure as to 
whether the differentiated avian erythrocyte retains 
sufficient capacity (i.e. numbers of ribosomes, amounts of 
tRNAs, energy supply, etc.) for the synthesis of progeny 
vi r ions.
- I l l  -
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2. Results
Preparation of purified erythrocytes
Preliminary experiments showed that newly synthesized radio- 
labelled viral protein could be detected in washed but 
u n fractionated 13 day old chicken embryo blood cells infected 
with FP/R. However, 13 day embryo blood contained a small 
proportion (approximately 0.01%) of leucocytes (Romanoff,
I960). Therefore it was necessary to separate erythrocytes 
and leucocytes to show which were responsible for viral 
protein synthesis. These cells were separated by centrifugation 
through 10% Fi col 1 as outlined in Materials and Methods. The 
leucocyte fraction was further processed by a second centri­
fugation through 10% Ficoll. In this way two populations 
of cells were obtained: purified erythrocytes and an 
'enriched1 population of leucocytes consisting of approximately 
equal proportions of leucocytes and erythrocytes (i.e. a 
10/-fold enrichment of leucocytes). Blood from sixty embryos 
yielded approximately L x 10^ leucocytes. The purity of 
these cell populations was monitored by phase contrast 
microscopy and by the use of a Coulter Channelyzer C-100 
(Coulter Electronics Ltd., Harpenden, Herts) which measures 
the distribution of suspended particles as a function of 
their volume. Figure 5 shows that erythrocytes and leucocytes 
from the interface of the Ficoll separation consist of two
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Fig. 5
Size distribution of purified erythrocytes and of a 
preparation enriched for leucocytes (w.c.) made by centri­
fugation through 10% Ficoll
Cell volume is plotted against relative cell number.
The graph is a direct trace from a Coulter Channelyzer.
size classes. By applying the appropriate formula (see 
Materials and Methods) to the relative volumes, the actual 
volumes of the two size classes of cells were calculated 
as approximately 79 and 8k g,m . Cells which pelleted 
through the 10% Ficol 1 were distributed in a single peak 
corresponding to a volume of 8^ um . These data are 
consistent with microscopic observation showing that 
interface material consists of leucocytes and erythrocytes, 
while pelleted material comprised only erythrocytes. The 
volumes given above are in agreement with values calculated 
from published figures (Romanoff, I960). Therefore, centri 
fugation through 10% Ficoll offers a procedure for removing 
leucocytes from chicken blood.
Synthesis of proteins in erythrocytes and leucocytes infected 
with FP/R
Unfractionated blood cells, purified erythrocytes and cells 
from the enriched leucocyte population were infected with 
FP/R, radiolabel1ed and newly synthesized proteins analyzed 
by PAGE. Un fractionated blood and the purified erythrocyte 
preparation synthesized viral proteins in approximately equal 
amounts (Fig. 6 )» However, no significant protein synthesis 
was detected in the leucocyte preparation even on exposure 
of the autoradiogram for 8 weeks. Leucocyte viability as
g/NS2
PAGE of proteins synthesized in chicken cells infected with 
FP/R
a, b. CEF cells; c, d. unfractionated blood cells (10^/ml); 
e, f. purified erythrocytes (10^/ml); g, h. enriched 
leucocytes (2 x 10^/ml).
a, c, e, g, were not infected and b, d, f, h were infected 
with 30 PFU/cel 1 . Cells were rad iol abel 1 ed with ^ S -  
methionine (100 a Ci/10^ cells) from 5 to 6 h p.i. Host 
proteins actin (ac) and globin (g) are also indicated. 
Nomenclature of FP/R proteins follows the established 
convention (Ki 1 bourne e^ aj_. , 1972; Lamb and Choppin, 1976; 
Ingl is e£ a_j_. , 1976). Tracks c to f were I oaded with 
approximately equal radioactivity (80,000 cpm) and g, h 
each with 8,000 cpm, the maximum available.
- 1 1 6 -
judged by exclusion of trypan blue was around 50% of the
population. Since the enriched leucocyte population 
/*
contained about 10 fold more leucocytes than whole blood 
it is concluded that these cells were not contributing 
significantly to the synthesis of viral proteins observed 
in infected blood. Although it was not necessary to 
purify erythrocytes for the following experiments this 
procedure was continued as an added precaution.
In this particular experiment, FP/R infected erythrocytes 
were observed to synthesize viral proteins withNWs corresponding 
to PI, P 2 , P 3 , uncleaved HA, NP, M and NS1. A protein band 
corresponding to HA1 could also be detected but not one 
corresponding to HA2. In addition, there was a protein 
migrating in advance of NP which appeared neither in 
uninfected erythrocytes or in CEF cells. This protein 
could be a non- or a partially glycosylated form of N A , 
which in its glycosylated form has a tendency, depending on 
the gel system, to co-migrate with NP (Skehel, 1972; Minor 
and Dimmock, 1975; Lamb and Choppin, 1976; Inglis and 
Mahy, 1979; Carver and Dimmock, unpublished data). 
Alternatively, this protein may be a degradation product 
of some larger polypeptide or a cellular protein whose 
synthesis was stimulated by infection.
117
Comparison of the amounts of FP/R protein synthesized in 
purified erythrocytes and CEF cells
Equal amounts of protein (as determined by the method of 
Lowry et^  aj_. , 1951) from infected erythrocytes and infected 
CEF cells were analysed by PAGE. Both cell types were 
infected with 30 PFU/cel 1 and labelled from 5 to 6 h p. i . 
with ^ S - m e t h  i on i ne (100 u Ci/10^ cells). A comparison made 
at this time was justified as the time courses of viral 
protein synthesis in erythrocytes and CEFs were found to be 
very similar (see Section 2). The autoradiogram of the gel 
was scanned with a Joyce-Loebl densitometer (the exposure 
of the autoradiogram used was calibrated to be within the 
linear response range of the film) and the area under the 
viral NP peak produced by each cell type was calculated and 
normalised for total protein. On this basis erythrocytes 
synthesized 5% of the amount of NP found in CEF cells, but 
if the calculations were made on the amount of NP synthesized 
per cell, then erythrocytes make 0.65% NP of that in CEF
Effect of FP/R infection on protein and RNA synthesis in
erythrocytes from 13 day old chick embryos
The introduction of self-replicating genetic information, 
i.e. FP/R into erythrocytes could conceivably stimulate 
metabolic activity within these cells. Metabolic activity 
in terms of RNA a n d  protein synthesis was measured by 
incorporation of either JH-leucine or H-uridine into TCA 
precipitable material. FP/R infection did not alter the 
total amount of ^H-leucine incorporated by erythrocytes 
(Fig. 7a). However, as will be shown later (see Section 2)
FP/R infection does reduce the synthesis of certain (notably 
globin) erythrocyte proteins.
Incorporation of ^H-uridine was slightly increased in FP/R 
infected erythrocytes, at least until about k h p.i. (Fig. 7b). 
Whether such an increase was due to synthesis of viral or of 
host RNA cannot be determined simply on the basis of total 
counts. In an attempt to determine what sorts of RNA were 
being synthesised, in both infected and uninfected cells, 
erythrocytes were radiolabel1ed with P, and their RNA 
extracted (see Materials and Methods) and analysed by PAGE. 
However, Fig. 8 shows that this approach was of limited value 
since only trace amounts of 28S and 18S ribosomal RNA could 
be detected. However, infection with FP/R did seem to reduce 
amounts of ribosomal RNA synthesized by erythrocytes from 
13 day old chicken embryos.
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Fig. 7a
Incorporation of TCA précipitable JH-leucine in FP/R infected 
and non-infected erythrocytes
3
FP/R infected (30 PFU/cel1) and mock infected erythrocytes 
were incubated for 1 h at 37°C in medium 199 plus 10% 
newborn calf serum. Cells were then washed twice in Earle's 
saline/20 mM HEPES/1% 199 and resuspended in the same
a 7
medium containing J H-leucine (10 u Ci/10' cells). Samples 
were taken at intervals and TCA precipitable radioactivity 
determined as described in Materials and Methods. Time zero 
refers to the time of addition of label.
Fig. 7b
Incorporation of TCA precipitable ^H-uridine in FP/R infected 
and non-infected erythrocytes
Erythrocytes were treated as described in 
radiolabel1ed with ^H-uridine (20 uCi/10^
Fig. 7a but 
cells).
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Fig. 8
PAGE of RNA from
RNA from infected 
analysed by PAGE, 
marker.
FP/R infected and non-infected erythrocytes
(i) and non-infected (ni) erythrocytes 
RNA from CEF cells was included as a
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Separation of agglutinated erythrocytes
It was no surprise that erythrocytes agglutinated upon 
infection with FP/R. Such cells retained up to 13% of the infectivity 
and up to 20% of the HA titre of the inoculum, even after 
extensive changes of medium and a 1 min incubation at 4°C 
in PBS adjusted to pH 3 (pH 3 incubation will rapidly 
inactivate free virus (Stephenson et aj_. , 1978)).
The problems caused by the retention of inoculum virus are 
exemplified in Fig. 9. Here the typical growth curve of 
FP/R in CEF cells is compared with the results of a similar 
assay with FP/R infected erythrocytes. With infected 
erythrocytes there was a gradual increase, from an initial 
value of 7.2 x 10^ PFU/cells, of 5-fold from 2 to 6 h p.i.; 
following which infectivity declined by 2.6 fold. This can 
be contrasted with an increase of 10,000-fold from 4 to 8 h 
p.i. in FP/R infected CEFs.
To determine whether the gradual increase in infectivity in 
FP/R infected erythrocytes was due to synthesis of progeny 
virions or to retention of inoculum virus, it was necessary to 
reduce the level of inoculum virus and as a prerequisite for 
this to separate the agglutinated erythrocytes.
Both aims were achieved by incubating FP/R infected erythrocytes 
with trypsin (Fig.10) followed by an incubation in PBS adjusted
O)
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Comparison of the amounts of infectious virus associated 
with erythrocytes and CEF cells following infection with 
FP/R
F ig .  9
CEF monolayers (approximately 10^ cel 1s/5 cm dish) and a 
suspension of erythrocytes (10^ cel 1s/ml) were infected 
with FP/R, (30 PFU/cel1) incubated for 1 h at 37°C and 
washed for 1 min in PBS adjusted to pH 3. Duplicate 
samples each of 10^ cells from both cell types were taken 
at intervals after infection, sonicated and assayed for 
infectivity on CEF monolayers.
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Effect of trypsin on erythrocytes agglutinated by FP/R
F ig .  10
A. Phase contrast micrograph of agglutinated erythrocytes 
2 h after infection with FP/R.
B. Phase contrast micrograph of infected erythrocytes 
following treatment with trypsin (10 mg / 10^ ceils).
C. PAGE of proteins synthesized by trypsin treated 
infected (i) and non-infected (ni) erythrocytes.
Cells were radiol abel 1 ed with ^ S - m e t h  i on i ne (100 u Ci/ 
10? cel is) 5 to 6 h p.i.
1 24
to pH 3 (Materials and Methods). This reduced the PFU of
L
the inoculum virus by 10 fold. Although up to 30% of the 
cells were lost after treatment with trypsin, cells 
remaining incorporated ^ •’S-meth ion i ne and synthesized the 
same amount of viral protein per cell as untreated controls 
(Fig. 10c).
Failure of FP/R to multiply in 13 day old embryo erythrocytes
After 1 h at 37°C the infected erythrocytes were washed, 
disaggregated with trypsin and treated with pH 3 buffer 
solution to reduce the level of input virus
Cells and tissue culture fluids were disrupted at intervals 
after infection and assayed on CEF monolayers. No rise in the 
amount of infectious virus present was detected (Fig. 14). 
Titrations were repeated in suspension in the presence of 
trypsin to enhance infectivity (Klenk et^  aj_. , 1975;
Lazarowitz and Choppin, 1975). Again the level of infectious 
virus present did not rise above the initial level of 900 
PFU/10^ cells even though A/PR/8/34, which requires trypsin 
for plaquing was assayed successfully (Table 6). By calculating 
the ratio of NP synthesized in CEF cells ; NP synthesized in 
erythrocytes, and knowing the number of PFU synthesized in 
CEF cells it was estimated that the infectivity in erythrocytes 
was over 400-fold less than the expected value (Table 7).
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Cell suspension plaque assay for the multiplication of
Ta b le  6
FP/R in erythrocytes3
FP/R in Erythrocytes 
Postinfeet ion (h) + Trypsin - Trypsin
2.5 900b nt
3.5 600 nt
8.0 400 nt
12.0 < 150 nt
24.0
oLTVV < 150
A/FP/Rostock0 8 .9  x 108 8 .0 x 108
A/PR/8/34c 3.1 x 107 < 102
a. Samples of erythrocytes were mixed with 2.5 mi of
3 x 107 CEF cel 1s/ml in suspension and dispersed
in an equal volume of double strength overlay medium
containing 100 u g/m1 DEAE dextran and 20 ag/ml
trypsin. FP/R and PR/8 were inoculated directly 
into the CEF suspension.
b. PFU/107 erythrocytes
c. PFU/ml of virus suspension 
nt not tested
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Synthesis of PFU, haemagglutinatinq and neuraminidase 
activities in FP/R-?nfected erythrocytes3
T a b le  7
CEF Erythrocytes
Expected Observed Expected/Observed
PFU
¿b
8.5 x 10b 6 x 10*1 A Ul X o I
S*
400
NA 1 7.0C 0 . 1 1 0 . I4d 0 .8
HA 2000.0 13.00 < 0 .6 > 21.7
a. Expected values were calculated from the ratio of NP 
synthesized in CEF ceils and erythrocytes, i.e. 100 : 0.65 
arbitary units (see Results)
b. All figures are for 10^ cells + culture fluids 
c - 0D549/h
d. ODjj^g/h calculated from a 30 h incubation
127
Haemaqglutinîn and neuraminidase activity in FP/R-infected 
erythrocytes
Erythrocytes were infected and the levels of inoculum virus 
reduced as described above. Samples of cells were removed 
at intervals and disrupted by ultrasonicat ion on ice. No 
haemagglutinating activity was detected. Standard NA assays 
incubated for 1 h at 37°C failed to give a positive result 
so incubation of the assay was continued for 30 h. Low but 
significant levels of neuraminidase activity were detected 
which increased with the duration of infection (Fig. 11). 
This neuraminidase was serologically identical with that of 
the FP/R (Wignall and Dimmock, unpublished data). It was 
calculated that the ratio of NP : neuraminidase activity 
synthesized in erythrocytes was similar to that in CEF cells 
(Table 7). However, the relative HA titre was more than 6.5 
fold lower than expected.
Fluorescent antibody staining of FP/R infected erythrocytes
It was important to determine whether viral proteins were 
synthesized in all or only in a few particularly productive 
erythrocytes. This could be decided by immunofluorescence 
using antibody directed against the NP. In preliminary 
experiments levels of residual inoculum were sufficient to
54
9 
nm
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Fig. 11
Synthesis of neuraminidase in FP/R infected erythrocytes
Samples of 10^ erythrocytes taken at intervals after 
infection with FP/R were disrupted by sonication and 
assayed for the presence of NA by incubation with fetuin 
for 30 h at 37°C (Materials and Methods). The initial 
value probably represents residual inoculum.
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cause fluorescence even at 1 h p.i. but this was reduced to 
near background levels with trypsin and an incubation at 
pH 3 (Materials and Methods). Although the level of 
fluorescence was low at all times compared with FP/R infected 
CEF ceils there was a significant increase in fluorescence 
at 3 h p.i. (Fig. 12), which appeared to have increased 
further at 8 h p.i. Fig. 12 also shows that all erythrocytes 
fluoresced with the same intensity, indicating that infection 
and synthesis were uniform with respect to time and quantity 
of antigen produced. Furthermore, although fluorescence was 
too faint to be certain of its location it appeared at 8 h 
p.i. to be brightest in the region of the nucleus.
Synthesis of FP/R proteins in erythrocytes from embryo and 
adui t ch i ckens
Although histological examination of erythrocytes from 13 day 
old embryos (used above) identified the majority (> 80%) of 
them as mature erythrocytes there are indications that 
erythrocytes from older birds are less metabolical1 y active 
(Romanoff, I960). Therefore, purified erythrocytes from 20 day 
old and adult birds were infected to determine if they 
still possessed the cellular functions necessary for influenza 
virus protein synthesis. Fig. 13 shows that NP, M and NS1 
could be resolved in erythrocytes from both these ages of 
chicken. However, radiolabelling showed that amounts of

J
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Fig. 12
Fluorescent antibody (anti NP) staining of FP/R infected 
erythrocytes
Fluorescent antibody staining of (a) non-infected erythrocytes, 
(b) infected erythrocytes at 3.5 h p.i. and (c) infected 
erythrocytes at 8 h p.i. with FP/R, (d) shows the same 
field as (c) viewed under phase contrast optics. All aspects 
of photography of stained cells were kept constant.

A D U L T
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Fig. 13
PAGE of proteins synthesized in FP/R infected erythrocytes 
from 20 day old embryos and from an adult bird
Erythrocytes from 20 day old embryos were infected with 
FP/R (30 PFU/cei1) and samples of 10^ cells radiolabel1ed 
with ^S-methion i ne (100 u Ci/10^ ceils) for 30 min at 
1, 2, 3 and k h p.i. FP/R infected (30 PFU/cel1 ) erythrocytes 
from an adult bird were radiolabelied with ^^S-methionine 
(100 p,Ci/ml) 6 to 6.5 h p. i .
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^ •’S-methion î ne Incorporated into TCA précipitable material 
of erythrocytes from 20 day old embryos and adult birds was 
30% and 10%, respectively, of that incorporated by 
erythrocytes of 13 day old embryos.
Multiplication of NDV and SFV in erythrocytes
Since no infectious FP/R virus was produced in infected 
avian erythrocytes, the question was raised as to whether 
these cells lacked some particular requirement for influenza 
replication or were incapable of forming enveloped progeny 
virus per se. This was tested by infecting avian erythrocytes 
with SFV and NDV. These viruses both have RNA genomes and NDV 
is a natural pathogen of fowl. After infection, erythrocytes 
were washed extensively and treated with trypsin as before. 
Residual NDV inoculum was further reduced by treatment with 
neutralizing antiserum for 1 h at 37°C and'residual SFV by 
washing cells with pH 3 buffer solution. Samples of cells 
and culture fluids were disrupted at intervals after infection 
and infectivity measured by plaque assay on CEF monolayers.
The experiment was continued until 2k h p . i . at which time 
in contrast to infection with FP/R practically all erythrocytes 
had lysed.
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There was an Increase In Infectlvlty of about 100-fold of 
both NOV and SFV during the Incubation time (Fig. U+) showing 
erythrocytes from 13 day old chicken embryos could sustain 
a productive Infection by both viruses. However, as the 
maximum yield was 1 PFU/200 cells only a minority of cells 
in the erythrocyte population could be contributing to the 
yield of progeny virus.
Multiplication of NOV in erythrocytes from adult chickens
Perhaps of more Interest from the disease point of view was 
whether NOV could productively Infect the erythrocytes of the 
adult chicken. Blood was taken from the wing vein of adult 
birds and spun through 10% FI coll to remove leucocytes.
The experimental protocol for infecting with N D V , the 
reduction of inoculum virus and the disruption of samples 
for plaque assay on CEF monolayers was as for erythrocytes 
from 13 day old embryos.
As shown In Fig. 15 there was an increase In infectlvity, 
similar to that observed with NDV Infected embryo erythrocytes. 
Therefore, apparently some of the erythrocytes in the 
circulating blood of the adult bird are able to sustain a 
productive Infection of NDV.
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Fig. 14
Multiplication of NDV, SFV and FP/R i 
13 day old embryos
Duplicate samples of 10' erythrocytes
erythrocytes from
and their culture
fluids were taken at intervals after infection with NDV 
Texas, SFV or FP/R, disrupted by u 1trasonication and 
assayed on CEF monolayers.
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Fig. 15
Multiplication of NDV in erythrocytes from an adult chicken
Blood was removed from a wing vein and spun through 10% 
Ficoll to remove leucocytes. Erythrocytes (10^ cel 1s/ml) 
were infected at 30 PFU/cell and treated to remove inoculum 
virus as described for erythrocytes from 13 day old embryos.
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Viral protein synthesized by 13 day old embryo erythrocytes 
infected with NDV and SFV
Since these viruses multiplied in erythrocytes we looked 
for the synthesis of viral protein by radiolabelling with 
^ •’S-meth i on i ne and analysis by PAGE. NDV synthesized very 
little detectable viral protein (Fig. 16) and SFV none 
(compared with FP/R in Fig. 2 labelled under identical 
conditions) even at times when infectious virus production 
had increased by 100-fold. The major NDV polypeptide appeared 
in the 55-65,000 MW region as found in NDV-infected CH0 cells 
(Clinkscales and Bratt, 1978).
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Fig. 16
Proteins synthesized by erythrocytes and CEF cells infected 
with NOV or SFV
PAGE of protein synthesized by erythrocytes and CEF cells 
infected with NDV or SFV under the same conditions used in 
Fig. 6 for FP/R. Viral proteins are arrowed, 
a) Non-infected CEF cells; b), SFV-infected CEF cells; both 
a and b pulsed with 3JS-methionine from 6-6.5 h p.i.;
c), SFV-infected erythrocytes pulsed from 9-9.5 h p. i . ; 
d, non-infected erythrocytes; e, f, NDV-infected erythrocyte 
pulsed 3-3.5 and 9-9.5 h p.i. respectively; g, NDV-infected 
CEF cells. The experiments with c, e, f were done in the 
presence of 3 ug/ml actinomycin D to reduce endogenous 
protein synthesis and enhance the detection of viral proteins 
Nomenclature of SFV and NDV protein follows the conventions 
of Clinkscales et al . (1978) and Bruton et a_l_. (1976).
»
138
3. Pi scussion
Although there are numerous accounts of viruses becoming 
associated with erythrocytes (see General Introduction for 
references) either during or after infection this, to my 
knowledge, is the first account of de novo infection and 
synthesis of viral components within erythrocytes.
That erythrocytes and not leucocytes were responsible for
FP/R protein synthesis was confirmed by obtaining a leucocyte
L
preparation containing approximately 10 fold more leucocytes 
than unfractionated blood which failed to synthesize any 
detectable viral proteins.
It was, in fact, a surprise to see complete expression of 
FP/R proteins in erythrocytes, with P proteins, HA, NP, M 
and NS1 all synthesized in readily detectable amounts.
Indeed, earlier work (Kelly and Dimmock, 197^ and Minor and 
Dimmock, 1976) suggested that the erythrocyte nucleus might not 
allow expression of HA and NA. However, this earlier work 
was carried out using erythrocytes fused with BHK cells 
which had been previously treated with AMD (Kelly and Dimmock, 
197*0 or enucleated by cytochalasin B (Minor and Dimmock,
1976). Therefore, it was possible that the fusion process 
or some other aspect of the experimental protocol caused 
inhibition of certain viral products or that the method of
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detection, indirect fluorescent antibody staining, was not 
sensitive enough.
Evidence reviewed by Romanoff (I960) along with measurements
3 5on the incorporation of S-methionine into TCA précipitable 
material (data not shown) suggested that erythrocytes from 
older embryos (20 days) and from adult birds were less 
metabolically active (but see Section 5). However, detection 
of NP, M and NS1 showed that even these erythrocytes allowed 
expression of the FP/R genome.
An alternative explanation for the data presented so far 
would be that FP/R proteins are only synthesized by a few 
particularly productive erythrocytes. For instance, the 
erythrocyte population of 13 day old chicken embryos contain 
approximately 20% immature cells (see Section k) ranging 
from erythroblasts to almost fully differentiated late 
polychromatic erythrocytes. Therefore, it was considered 
likely that FP/R proteins were produced by immature rather 
than mature erythrocytes. This possibility was excluded, 
to a certain extent, by fluorescent antibody staining where 
NP antigen was detected at a uniform level in all erythrocytes.
Measurements based on incorporation of ^H-leucine into TCA 
précipitable material indicated that FP/R infection (at least 
until 5 h p.i.) neither increases or decreases overall protein
140
synthesis in erythrocytes. This contrasts to some extent 
with FP/R infected PEF cells where there is a slight 
stimulation (1.5 fold) of protein synthesis (compared with 
uninfected cells) between 2 and 4 h p.i. (Skehel, 1972). 
However, in common with FP/R infected CEF cells (Borland 
and Mahy, 1968), RNA synthesis in erythrocytes was apparently 
stimulated (at least until 4 h p.i.) by FP/R infection.
From this particular experiment it was not possible to 
distinguish whether this stimulation was due to viral or 
to host cell RNA synthesis.
Extraction of radiolabel1ed RNA and analysis by PAGE revealed 
that erythrocytes from 13 day old chicken embryos synthesize 
trace amounts (approximately 0.3% compared with an equivalent 
•number of CEF cells) of 28S and 18S rRNA and in common with 
previous reports (Stephenson and Dimmock, 1974) the levels of 
these RNA species decline after infection with FP/R. 
Unfortunately, no viral RNAs could be detected in infected 
erythrocytes using this technique.
rRNA synthesis is reported to be absent in mature erythrocytes 
from adult birds (Longacre and Rutter, 1977). Detection of 
rRNA synthesis in erythrocytes from 13 day old embryos is 
therefore probably due to the presence of immature cells in 
the population (see Section 4) and/or to the possibility that 
those erythrocytes of 13 day old embryos classified as
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morphologically mature may still retain some capacity for 
rRNA synthesis. This possibility was not investigated 
further.
J
As to the important question of whether infection of 
erythrocytes with FP/R resulted in the production of progeny 
virus it can be said that after reducing inoculum levels
U
by 10 fold no increase in infectivity was detected. However, 
this still does not rule out production at very low levels.
The reason for the lack of detectable progeny virus did not 
emerge. However, the possibility that it was due to a 
failure of HA to be cleaved was eliminated by plaquing in 
the presence of trypsin which cleaves HA and activates 
infectivity (K 1 en k e_t ¿1_. , 1975; Lazarowitz and Choppin, 
1975). Also the possibility that the treatment used to 
reduce the inoculum virus inhibited viral replication was 
countered by demonstrating the synthesis of FP/R proteins in 
surviving cells and that a similar treatment following 
infection with SFV did not prevent progeny virus formation.
A further possibility to explain absence of detectable progeny 
may be linked to the low level of functional HA detected 
(> 20-fold less than NP). The. reason for this result is not 
clear since apparently normal amounts of HA protein were 
synthesized compared with other viral proteins (Fig. 6).
]l*2
This being the case one would suspect that a post-translational 
event in the production of functional HA is affected.
However, the receptor protein of NDV, which has to be both 
glycosylated and cleaved for infectivity (Homma and Ohuchi , 
1973; Scheid and Choppin, 197*0 is apparently produced 
norma 11y .
Besides a block in HA production there are many other points 
in the multiplication cycle at which progeny virus production 
can be blocked. Evidence for this has been gathered from 
the study of different abortive or non-permissive infections 
where blocks in viral formation have been reported in vRNA 
replication (Avery, 1975); in transcription and in viral 
protein transport (Gandhi et a[. , 1971); in M protein synthesis 
(Valcavi e_t a_K , 1978) and in the final stages of maturation 
(Caliguiri and Holmes, 1979).
Although erythrocytes from 13 day old embryos and from adult 
birds produced progeny virus after infection with either NDV 
or SFV the titre was only 1 PFU/200 cells. This indicated 
that only a small proportion of the cells were productively 
infected. If this were so then it might explain why only 
low levels (compared with FP/R infection) of viral protein 
synthesis was detected, i.e. the proteins synthesized by the 
minority of infected cells being eclipsed by proteins 
synthesized by the majority of uninfected cells. In Section U
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an attempt is made to Identify which ceils are productively 
infected by separating erythrocytes according to their 
developmental status.
SECTION 2
The time course of synthesis of influenza 
proteins in chicken erythrocytes
- 11*  -
1. Int roduct i on
In the previous section it was established that avian 
erythrocytes from 13 day old embryo chickens would support 
the synthesis of fowl plague virus proteins. In this 
section the synthesis of these fowl plague proteins and the 
proteins of other influenza A viruses is investigated 
further.
1U 5  -
2. Results
Erythrocytes from chicken embryos of the Legome Strain
Soon after the experiments detailed in Section 1 had been 
completed, Locksley Ltd., ceased trading and a new supplier 
(Hawksley Chicks Ltd., Evesham) was found. The remaining 
experiments reported in this thesis are therefore with 
erythrocytes obtained from chickens and chicken embryos 
of Hawksley's Legome strain. Many of the experiments 
detailed in Section 1, such as investigations into the 
production of infectious NDV, SFV and FP/R plus the capacity 
to synthesize FP/R proteins, were repeated with erythrocytes 
from Legome chicken embryos. The results obtained (data not 
shown) were the same as for erythrocytes from the hybrid 
chicken strain of Locksley Ltd.
Time course of synthesis of FP/R proteins in pulse-1abei1ed 
erythrocytes
Temporal control over viral protein synthesis has been 
observed in influenza virus infected cells (Skehel , 1972; 
Ingl i s e^ , 1976). However, the time of appearance of 
influenza proteins varies depending on the virus strain and 
the cell type (Minor and Dimmock, 1979). To investigate
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whether there was temporal control of protein synthesis in 
FP/R infected erythrocytes, cel 1 s were labelled with ^ S -  
methionine at intervals after infection (Fig. 17). Pi, P2,
P3, NP and NS1 were all detected after a 30 min pulse at 
2.5 h p.i. and there was little change in amounts of PI-3 
and NS1 synthesized up to 6.5 h p.i. M was first detected 
at 3.5 h p.i. showing that temporal control of protein 
synthesis exists in FP/R infected erythrocytes. A diffuse 
band co-migrating with uncleaved HA in FP/R infected CEF 
cells was first observed at 3.5 h p.i. Three protein bands 
(approximate MW 20,000, 15,000 and 14,500) could be seen 
migrating below NS1 in erythrocytes at 3.5 h p.i.. Equivalent 
protein bands were also detected in FP/R infected CEF cells 
(Cook et al_. , 1979). Proteins having similarMrfs have been 
observed previously and all but one (NS2) shown to be 
cleavage products of NS1 (Lamb et_ al_. , 1978). Those in 
erythrocytes were not examined further.
In addition to a complete expression of the viral genome,
FP/R infection of erythrocytes results in inhibition of 
cellular protein synthesis. This appeared to be more marked 
in the case of certain proteins than in others, e.g. four 
high NW (> 120,000) proteins at the top of the gel, a protein 
(MW 29,500) migrating just ahead of M protein and globin. 
However, a protein (arrowed ), presumably of cellular
origin since it is present at time 0, appeared to increase
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Fig. 17
PAGE of proteins synthesized in FP/R-infected erythrocytes
Cells were infected with 30 PFU/cel1 and labelled with 
100 u.Ci/ml/IO^ cells of ^ S - m e t h i  on i ne for 30 mins. 
Erythrocytes were harvested at the times indicated in 
hours p.i. Infected (i) and non-infected (ni) CEF cells 
and ^ -’S-meth i on i ne-1 abel 1 ed virions (v) are included as 
markers.
ac = actin; g = globin.
after infection. This was not routinely observed and the 
reason for its apparent increase is not clear.
Because the erythrocyte nucleus is metabolica11 y dormant 
compared to the nucleus of a CEF cell, it was a surprise 
to see such a rapid expression of the FP/R genome. However, 
it was possible that the nucleus was not participating 
since influenza virus gene expression occurs in vitro in 
coupled transcription-tran si at ion systems in the absence 
of nuclei (Content et a]_. , 1977; Minor and Dimmock, 1979).
Against this possibility was the fact that in infected 
erythrocytes there is temporal control over the expression 
of FP/R proteins, a situation which does not occur in in vitro 
(Content £t a_l_. , 1977; Minor and Dimmock, 1979). However, 
it was decided to test that the erythrocyte nucleus was 
involved in the expression of the FP/R genome by pre-treating 
erythrocytes with AMD before infection. This drug has no 
effect on the in vitro coupled system (Minor and Dimmock, 1979), 
and although the mechanism whereby it inhibits influenza 
protein synthesis is not understood (see General Introduction) its 
site of action is within the host nucleus (Barry, 1964;
Minor and Dimmock, 1975, 1977; Mark et. aj_. , 1979; Barrett 
et aj_. , 1979).
Concentrations of AMD of 1 ^g/ml and above abolished the 
synthesis of virus proteins in erythrocytes (Fig. 18). Lower
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Fig. 18
Effect of AMD on the synthesis of FP/R proteins in erythrocytes
Inhibition of synthesis of FP/R proteins in erythrocytes 
pretreated with various concentrations o f  AMD for 1 h before 
and throughout infection. Cells were labelled from 5 to 6 h 
p.i. with ^S-methionine (100 u Ci/10^ cells).
(a) non-infected, (b) infected cells without AMD , with 
AMD at 0.01 (c), 0.03 (d), 0.1 (e), 0.3 (f), 1.0 (g) 
and 3.0 ^g/ml (h). a to f and g, h are from separate 
experiments.
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concentrations of the drug preferentially inhibited the 
synthesis of M and HA. This pattern of inhibition has 
been observed previously in BHK cells (Minor and Dimmock, 
1975). Therefore it is concluded that the erythrocyte 
nucleus participates in the expression of the FP/R genome.
With the finding that erythrocytes would support FP/R 
protein synthesis we investigated the expression of the 
genomes of non-avian influenza strains.
Infection of avian erythrocytes with human influenza viruses
Figure 19a shows the pattern of protein synthesis in 
erythrocytes infected with A/WSN (HO N1). Although NP and 
NS1 were present from 3.5 h p.i., M could not be detected 
even at 9.5 h p.i. A similar situation was observed with 
the H2 N2 strain A/Japan/305/57 (A/Jap) (Fig. 19b). This 
contrasts with the time course of FP/R protein synthesis 
where M was detected at 3.5 h p.i. (Fig. 17). Infection of 
erythrocytes with the H3 N2 influenza strain A/Hong Kong/1/68 
(A/HK) revealed a different situation (Fig. 19c). Here the 
protein which co-migrated with NS1 from infected CEF cells 
was present in greater amounts than the protein co-migrating 
with NP. Furthermore, it would appear from Figs. 19a, b and 
c that erythrocyte protein synthesis overall, was not
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Fig. 19
Synthesis of proteins by human strains of type A influenza 
in erythrocytes of 13 day old embryos
Erythrocytes were infected and radiolabel1ed as described 
in Fig. 17. Infected (i) and non-infected (ni) CEF cells 
are included as markers.
A. A/WSN (mo i = 30 PFU/cel1)
B. A/Jap (moi = 300 HAU/107celIs)
C. A/HK (moi = 300 HAU/107 cells)
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significantly inhibited as a result of infection with human 
influenza strains. In fact, infection with A/Hong Kong 
seemed to have stimulated the synthesis of certain erythrocyte 
proteins (arrowed in Fig. 19c).
Mixed infection of erythrocytes by FP/Dutch and A/NWS: 
complementation for the synthesis of A/NWS M protein
The data just presented (Fig. 17 and Fig. 19) show that M 
protein is expressed in erythrocytes when infected with 
FP/R but not when infected with human influenza strains.
This finding suggested an experiment to see if infection 
of erythrocytes with a fowl plague strain at the same time 
as infection with a human strain could evoke expression of 
the human strain M protein. Initially such an experiment 
proved difficult because M proteins from many influenza A 
virus strains were found to have similar mobilities on PAGE 
(data not shown). However, the avian influenza strain 
FP/Dutch and the human strain A/NWS were discovered to have 
M proteins that differed in electrophoretic mobility.
Fig.20A shows that FP/Dutch synthesized M protein in 
erythrocytes and that A/NWS did not. In the mixed infection 
(Figs 20B and C) the M proteins of both FP/Dutch and A/NWS 
were expressed.
m
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Fig. 20
Synthesis of M proteins in erythrocytes following mixed 
infection with the avian strain FP/Dutch and the human 
strain A/NWS
A: Erythrocytes infected (i) or non-infected (ni) with
FP/Dutch (20 PFU/cel1), or A/NWS (300 HAU/107 cells) and 
labelled from U to k .5 h p.i.
B: Mixed infection experiment of which part of the gel
is photographically enlarged (C). Outer tracks: infected 
CEF markers; inner tracks: mixed infection pulsed for 
10 min or pulsed and chased for an additional 10 min 
(10 + 10) at 4 h p.i.
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3. Pi scussion
Both the kinetics of synthesis of FP/R proteins and the 
shut-off of cell proteins In erythrocytes were similar to 
those found earlier in CEF cells (Minor et^  a K  , 1979)
Indicating that In this regard virus expression was unaffected 
by the unusual structural and metabolic features of erythrocytes. 
Electron micrographs revealed (Wlgnall and Dlmmock, unpublished 
data) that, in common with erythrocytes from adult birds 
(Fawcett and Wltebskey, 1964; Schjelde et^  £]_. , 1964;
Zentgraf et a l ., 1971 and Blanchet, 1974) erythrocytes from 
13 day old embryos lacked endoplasmic reticulum, possessed 
few mitochondria and had nuclei containing condensed chromatin. 
Furthermore, these embryo derived erythrocytes synthesized 
little DNA and RNA compared to CEF cells (see Section 4).
That the erythrocyte nucleus was Involved In FP/R gene 
expression, as it is In relatively non-d1fferentIated and 
d 1 vl d 1 ng cells (Fol 1 et t e£ aj_. , 1974; Kelly £t aj_. , 1 974), 
was shown by the Inhibition of vlral protein synthesis 
caused by pre-treating erythrocytes before infection with 
AMO.
In contrast to the situation with FP/R, the human influenza 
strains tested failed to synthesize M protein in erythrocytes.
The inability of certain cell lines to synthesize M protein 
has been reported by others (Bosch et. aj_. , 1978; Lohmeyer 
et al_. , 1979; Valcavl et. aj_. , 1978) but this is the first
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instance of the defect being virus strain specific.
Furthermore, A/HK/1/68 (H3 N2) synthesized NSi In greater 
amounts than NP. These data underline the point of Minor 
et aj_. (1979) that expression of viral proteins is dependent 
on both host cell and the virus strain.
It was not determined whether synthesis of human influenza 
M was blocked at the level of transcription or translation. 
Unfortunately, viral mRNAs extracted from infected 
erythrocytes could not be sufficiently radiolabelIed 
to be analysed by PAGE (see Section 1). However, there is 
much evidence to suggest that control of influenza protein 
synthesis is at the 1 evel of t ranscr i pt ion (Glass e_t ai_. ,
1975; Hay et £]_. , 1 977 ; Tay 1 or et_ aj_. , 1977; Ingl i s and 
Mahy, 1979) and so it is probable that there is a block during 
secondary or amplified transcription (see General Introduction) 
in the production of messenger cRNA for human influenza M 
protein. An experimental protocol which may be of use in 
testing this hypothesis would be to prepare vRNA encoding 
M protein by electrophoresis, to radiolabel it and use it as 
a probe for the detection of M protein message. That this 
approach may have the necessary sensitivity has been shown 
by its success in the study of primary transcription (Mark 
et. aj_. , 1979; Ingl is and Mahy, 1979).
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Since FP/R synthesized M while human influenza strains 
did not a 'complementation' experiment was set up in which 
erythrocytes were infected with both a human and an avian 
influenza strain simultaneously. In such a system the M 
proteins of both human and avian strains were synthesized 
in comparable amounts (Fig. 20). Thus, it appears in the 
synthesis of M protein there is an interaction (as yet 
undetermined) between a host specified factor(s) and a virally 
specified factor(s). The existence of a viral factor(s) is 
postulated since M protein synthesis is virus strain specific 
and the existence of a host factor(s) because although human 
influenza M is not synthesized in erythrocytes it is 
synthesized in CEF cells. On this basis a model can be 
proposed to explain the 'complementation' between avian and 
human influenza strains (see Fig. 21).
Since human influenza strains might be considered to have 
evolved to replicate in human cells, it is envisaged that 
the host-virus interaction(s) leading to M protein synthesis 
occur less effeciently in the human strain/avian cell system 
than in the avian strain/avian cell system. With infection 
of CEF cells by human influenza strains the less efficient 
interaction is assumed not to matter since it is compensated 
by there being an 'excess' of host factor(s). However, as 
erythrocytes mature it is envisaged that the amounts of the 
necessary host factor(s) are reduced such that the inefficiency
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Fig. 21
fp/ dutch
NWS
)( =  VIRAL PRODUCT REQUIRED FOR SYNTHESIS OF M
Model explaining how co-infection of erythrocytes with 
NWS and FP/Dutch may result in expression of the NWS M 
protei n
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of the host factor/virus factor interaction is not compensated 
for and so consequently M protein is not synthesized. With 
avian influenza strains the efficiency of interaction between 
avian host and virus factors is such that the effects of 
erythrocyte maturation have 1 ittle effect on M protein 
synthesi s.
An alternative model based on the concept of host/virus 
factor interaction is that human influenza strains utilize 
a different host factor from that of avian strains. Therefore, 
both types of host factor would be present in CEF cells but 
only the avian type in erythrocytes.
These models assume either a reduction or a lack of the 
necessary host factor in erythrocytes as a result of 
differentiation. This could be tested by separation of the 
cells of the erythropoietic series and determining if cells 
early in the series allow M protein synthesis when infected 
with a human influenza strain (see Section k ).
It would of course be of considerable interest to identify 
the host and viral factors involved. An approach to identify 
the viral factor would be to generate a series of recombinant 
virus strains in which each gene of a human strain was 
substituted In turn by the equivalent gene from an avian 
strain. Thus, if only a single viral gene was involved, it
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strain. Thus, if only a single viral gene was involved, it
159
would be possible to see which of the avian influenza genes 
resulted in M synthesis in erythrocytes. If such an approach 
was successful and the viral factor identified it may then be 
possible to use it as a 'probe' for the host factor(s) 
i nvolved.
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1. Int roducti on
Viral proteins have been shown to migrate to the cell nucleus 
during the course of influenza infection (Breitenfeld and 
Schafer, 1975; Dimmock, 1969; Maeno and Kilbourne, 1970; 
Oxford and Schild, 1975). In view of this the distribution 
of proteins in the nuclei of inf1uenza-infected erythrocytes 
was investigated to see if the quiescent nature of the 
erythrocyte nucleus created any major differences from proteins 
found in the nuclei of other infected ceil types. In cell 
types already examined NP and NS1 are always observed in 
the nucleus, while HA and NA remain cytoplasmic (Breitenfeld 
and Schafer, 1957; Dimmock, 1969; Maeno and Kilbourne,
1970; Oxford and Schild, 1975). The situation with M protein 
is less clear. M has been reported to be almost entirely 
cytoplasmic in MDCK cells infected with W S N  (Krug and Etkind, 
1973; Krug and Soeiro, 1975) or fowl plague virus (Mahy 
et aj_. , 1980) but to accumulate in the nucleus of WSN or 
fowl plague virus-infected chick embryo cells (Gregoriades, 
1973; Hay and Skehel , 1975; Flawith, 1979; Flawith and 
Dimmock, 1979) while in another system strain X 3 1 in MDBK 
cells, M antigen was detected in the cytoplasm except in a 
few cells where a proportion of the antigen appeared in the 
nucleus (Oxford and Schild, 1975).
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Also subject to uncertainty Is the intracellular location 
of the P proteins. P proteins were found in the nuclei 
of WSN infected MDCK cells (Krug and Etkind, 1973) but only 
in trace amounts in the nuclei of FPV infected chick embryo 
cells (Hay and Skehel , 1975). A possible explanation for 
this may lie in differences between virus strains and cell 
types. For example, the time after infection at which 
observations were made were similar for both groups. Krug 
and Etkind (1973) looked at nuclei A to 6 h p.i. whereas 
Hay and Skehel (1975) looked at times from 5 to 6 h p.i. 
Furthermore, both groups used Dounce homogenization to 
fractionate nuclei. However, the data presented by Krug 
and Etkind (1973) and Hay and Skehel (1975) suffered from 
certain technical difficulties. P proteins are synthesized 
in relatively low amounts compared to other viral proteins 
making detection difficult. Secondly, the polyacrylamide 
gel system used by both groups to detect P proteins did not 
resolve them into three distinct bands. Hay and Skehel 
(1975) could detect two bands whereas Krug and Etkind (1973) 
could detect only one. In view of these difficulties the 
distribution of P proteins found in FP/R infected CEF cells 
and erythrocytes was investigated.
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2. Results
Distribution of viral P proteins in nuclei of FP/R infected 
CEF cel 1 s
Figure 22 shows the overall distribution of viral proteins
2 C
in nuclei at various times after labelling with S-methionine.
Nuclei isolated immediately after the pulse contained N P , M 
and NS1 as previously reported (Flawith and Dimmock, 1979).
Also present in nuclei were at least four proteins migrating 
ahead of N S 1 (labelled a-c) which were similar in size to 
those reported by others (Skehel, 1972; Lamb and Choppin, 
1978). A photographic enlargement of the region of the gel 
resolving the high MW proteins was made to more easily 
distinguish between viral and cellular proteins. After 
pulsing at 4 h p.i. for 10 min PI, P2 and P3 were present 
in approximately equal amounts in whole cell extracts but 
isolated nuclei contained only Pi and P3. Thus at this stage
I
P2 was confined to the cytoplasm. There was no change in 
distribution of the P proteins after an additional 10 min 
incubation in unlabelled medium,but after 2 h incubation 
(to 6 h p.i.) P2 was present in nuclei in about the same 
amounts as PI and P3. Thus as regards transfer to the cell 
nucleus there is a difference in the behaviour of P2 from 
P 1 and P3.
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Fig. 22
PAGE of proteins from nuclei of CEF cells infected with 
FP/R
Infected cells were radiol abel 1 ed for 10 min with ^**S- 
methionine at k h p.i. (A); incubated for an additional 
10 min in the absence of radiolabel (B); and for an 
additional 2 h in the absence of radiolabel (C). Non- 
infected cells (ni) were labelled for 10 min in parallel 
with (A). Marker radiolabel1ed virions (V) were also 
analysed.
The right hand panel shows a photographic enlargement of 
the region containing the P proteins.
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A different situation has been reported in FP/R infected 
MDCK ceils in that less P3 appears to migrate to the 
nucleus than PI or P2 (Mahy et a_I_. , 1980). Thus, migration 
of P proteins may well show variation depending on the 
cell line.
Viral proteins in nuclei of FP/R infected erythrocytes
Nuclei isolated from FP/R infected erythrocytes, which were 
radiolabel1ed at 1.5 or 2.5 h p.i. , contained detectable 
amounts of NP and NS1 (Fig. 23). At these times P proteins 
could not be detected against the background of host proteins. 
However, nuclei isolated after radiolabelling at 4 h p.i. 
contained P proteins, NP, M and N S 1 , but not HA. HA was 
being synthesized at this time as evidenced by its presence 
in the cytoplasm (Fig. 23). The 4 h nuclear fractions also 
show that some globin was present in the nucleus. This does 
not necessarily denote cytoplasmic contamination as globin 
has been observed in the nucleus by others (Davies, 1961;
Small and Davies, 1972).
If incubation of erythrocytes radiolabel1ed at 4 h p.i. was 
continued in ^ S - m e t h  ion i ne free medium for periods of upto 
2 h (i.e. to 6 h p.i.) it appeared that amounts of FP/R
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PAGE of proteins from nuclei and cytoplasms of FP/R infected 
erythrocytes
Cells were infected and radiol abel 1 ed for 10 min with ^ S -  
methionine (100 p,Ci/10^ cells) at 1.5 h p. i . , (1.5 + 10'),
2.5 h p.i. (2.5 + 10') and at 4 h p.i. (4 + 10'). Infected 
erythrocytes radiolabel1ed at 4 h p.i. were incubated for 
an additional 10 min (k + 20') and 120 min (4 + 120') in 
the absence of radiolabel. Cytoplasmic fractions were from 
uninfected erythrocytes and from erythrocytes radioiabe11ed 
at k h p.i. (4 + 10'). Radiolabel1ed virions were included 
as markers.
Although all samples were prepared during the same experiment 
tracks labelled 1.5 + 10' and 2.5 + 10' were from a different 
gel than k + 10', k + 20' and + 120'.
\
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proteins in the nucleus, with the possible exception of 
M, remained relatively constant. This was checked by 
measuring the radioactivity in the areas of the gel 
corresponding to the protein bands N P , M and NS1 (Materials 
and Methods). Fig. 2ka shows amounts of N P , M and NS1 
present in nuclear fractions while Fig. 2*tb shows amounts 
of the proteins present in the equivalent cytoplasmic 
fractions, figures were normalized as detailed in Materials 
and Methods. The total amounts of radioactivity in the 
protein bands increased in both nuclear and cytoplasmic 
fractions with time, showing that this was not a true 
pulse-chase experiment. This was particularly evident for 
M protein where substantial increases in amounts (approximately 
12-fold) were seen after the 2 h additional incubation.
Directly after the labelling period and after an additional
3 510 min incubation in S-methionine-free medium the amounts 
of NP, M and NS1 were very similar in both nuclear and 
cytoplasmic fractions. After an additional 2 h incubation, 
amounts of NP and M were 2-fold higher and amounts of NS1 
were 5-fold higher in the nuclear fractions. With the possible 
exception of measurements taken after the 2 h additional 
incubation it is striking how closely nuclear and cytoplasmic 
levels of N P , M and NS1 parallel each other. This was not 
observed in FP/BEL infected CEF cells where after the period 
of radiolabelling nuclear and cytoplasmic levels of NP, M and 
NS1 showed distinct differences (Flawith, 1979; Flawith and 
Dimmock, 1979).
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Fig. 2U
Relative amounts of NP, NS1 and M in the nucleus and 
cytoplasm of FP/R infected avian erythrocytes
A. Shows amounts of N P , NS1 and M contained in the nuclear 
fractions of erythrocytes (shown in Fig. 23) which were 
radiolabel 1ed at U h p.i. and incubated for either 10, 
20 or 120 minutes.
B. Shows amounts of N P , NS1 and M from the equivalent 
cytoplasmic fractions.
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Figure 23 shows that PI ,2,3 are present in the nucleus 
directly after radiolabelling at 4 h p.i.. This was 
checked by preparing fresh samples of FP/R infected 
erythrocyte nuclei, radiol abel led at *+ h p.i. (Fig. 25).
A photographic enlargement of that region of the gel 
resolving high MW proteins is included to make it easier 
to see the viral proteins. PI, P2 and P3 were all present 
in infected erythrocytes directly after radiolabelling and 
were there at 6 h p.i. Thus, unlike CEF cells, PI,2,3 
migrate to the cell nucleus at the same rate.
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Fig. 25
PAGE of proteins from nuclei of erythrocytes infected with 
FP/R
3 5Infected cells were radiolabel1ed for 10 min with S- 
methionine at k h p.1. (A); incubated for an additional 
10 min in the absence of radiolabel (B); and for an 
additional 2 h in the absence of radiolabel (C). Non- 
infected cells (n i ) were labelled for 10 min in oarallel 
with (A). Radiolabel1ed virions (V) were analysed as 
ma rke rs.
The right hand panel shows an enlargement of the region 
containing the P proteins.
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3. D i scuss i on
In FP/R infection of CEF ceils P2 behaves differently from 
PI and P3 and is transferred at a slower rate to the cell 
nucleus (Fig. 22). All three P proteins have been implicated 
in the synthesis of vRNA (reviewed by Scholtissek, 1978;
Barry and Mahy, 1979) and so their migration to the nucleus 
is consistant with the suggestion that vRNA synthesis occurs 
there (Mahy e_t a_K , 1975; Assadullaef e£ a_K , 1975;
Armstrong and Barry, 197**; Avery, 197*0. However, not 
enough is known about the synthesis of vRNA to determine 
whether the differential migration of P2 has any functional 
significance in its production in CEF cells. Furthermore, 
since mutations in the gene coding for P2 prevent synthesis 
of all types (vRNA, Poly A cRNA and Non-Poly A cRNA) of 
influenza RNA within infected cells (reviewed by Scholtissek, 
1978) it is possible that the behaviour of P2 reflects some 
other, as yet unidentified, role.
In FP/R infected erythrocytes the P proteins, NP, M and NS1 
but apparently not HA, were found in the nucleus. This 
agrees with previous reports on the nuclear association of 
influenza proteins (Breitenfeid and Schafer, 1957; Dimmock, 
1969; Maeno and Kilbourne, 1970; Gregoriades, 1973; Hay 
and Skehel, 1975). In FP/BEL infected CEF cells clear 
differences could be seen in the distribution of NP, M and 
NS1 between nuclear and cytoplasmic fractions following a
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10 min pulse with radiolabel (Flawith, 1979; Flawith and 
Dimmock, 1979). However, in FP/R infected erythrocytes 
amounts of NP, M and NS1 in both cytoplasmic and nuclear 
fractions, following a 10 min pulse with radiolabel, were 
practically the same. After incubation of erythrocytes for 
2 h in the absence of radiolabel the amounts of NP, M and 
NS1 were higher (2-fold for NP and M and 5-fold for NS1) in 
the nucleus than in the cytoplasm, suggesting some nuclear 
accumulation of these proteins. However, it is apparent 
from Fig. 2k that overall there is a close similarity 
between the levels of NP, M and NS1 in the nucleus with 
those in the cytoplasm. This was not observed in FP/BEL 
infected CEF cells (Flawith, 1979). Therefore, although 
the values shown in Fig. 2k are from only one experiment, 
it is tempting to speculate that there is little selectivity 
(with the exception of HA and presumably NA), over the 
migration of viral proteins into the erythrocyte nucleus.
This seems to be true for the P proteins which migrate at the 
same rate into the nuclei of infected erythrocytes but at 
different rates into the nuclei of CEF cells.
SECTION U
The contribution of immature and mature 
cells in virus infections of erythrocytes from 
13 day-old chicken embryos
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1. Int roducti on
Lucas and Jamroz (1961) found a significant proportion 
(approximately 14%) of immature cells, comprising mainly 
of mid- and late-polychromatic erythrocytes, in the 
erythrocyte population of 13 day-old chicken embryos.
As already described (see General Introduction) the 
metabolic activity of erythrocytes decreases rapidly with 
maturation. Intuitively, one would expect a positive 
correlation between metabolic activity and suitability as 
a virus host cell. Therefore, it is possible that immature 
erythrocytes are the major producers of viral polypeptides 
and in the case of productive infections, the major producers 
of progeny virus. Against this are the data from fluorescent 
antibody staining which suggested that in infections with 
fowl plague, viral protein synthesis occurs in the entire 
erythrocyte population (see General Introduction). However, 
we examined in more detail the roles played by immature 
and mature cells in virus infections of erythrocytes.
The approach adopted was to separate cells by discontinuous 
BSA density gradients (see Materials and Methods). This 
technique is based on the observation that the average 
buoyant density of avian erythrocytes appears to increase 
as they mature (Kabat and Attardi, 1967).
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Characterisation of the cells from each BSA gradient fraction
The details of preparation, centrifugation and harvesting of 
BSA gradients are described in Materials and Methods.
However, as much of the following section is concerned with 
description of the various fractions obtained from BSA 
gradients Fig.26 is included as a reminder of the identity 
of these fractions.
2. R e s u l t s
a . The number of cells obtained from each fraction
Table 8 shows the distribution of cells in each fraction 
of a BSA gradient following centrifugation. The majority 
of cells were found in fraction 5 (86%) and in fraction U 
(about 11%).
Leucocytes were disregarded because of their low number
U Q
(a maximum of 5 x 10 per 10^ blood cells) and because they 
tend to become widely distributed throughout the BSA gradient 
after centrifugation (Attardi e£ aj_. , 1970; Appel s et ai . , 
1972).
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2. Resu l  t s
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mFig, 26
The fractions harvested from a discontinuous 3SA gradient 
(see Materials and Methods)
% BSA
Concent ration
17
Fraction Density
19
21
23
25
27
1.0473
1
1.0528
2 1.0558
3 1.0653
4 1.0713
5 > 1.0773
The hatching represents layers of cells which accumulate 
just above the concentration interfaces after centrifugation
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Table 8
Distribution of 13 day embryo blood cells after centrifugation 
through BSA gradient fractions
BSA Gradient 
Fract i on
Cel 1 s/fract ion 
Number Percentage
1 1.2 X 106 0. 12 0.07
2 1.9 X 106 0. 19 ± 0. 10
3 22.8 X 106 2.30 0.30
1* 111.0 X 106 11.20 ± 0.05
5 850.0 X 106 86. 10 ± 0.30
The values shown in this table represent average figures 
obtained from 30 gradients. The percentage variation 
is shown in column B.
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b. Morphol oqy
Cells stained with May-Grumwald-Giemsa from each BSA 
gradient fraction are shown in Fig. 27.
Many of the cells found in fraction 1 (Fig. 27.1) were 
recognisable as erythroblasts according to the morphological 
criteria of Lucas and Jamroz (1961). These cells were 
larger than those of other fractions, were irregular in 
shape and possessed a granular cytoplasm. Their nuclei 
were seen as an open coarse network with some clumping of 
chromatin. The cells of fraction 2 (Fig. 27.2) were rounded 
and much smaller than the erythroblasts. The cytoplasm of 
these cells appeared homogenous rather than granular and 
stained blue with May-Grumwald-Giemsa (whereas cells 
containing large amounts of haemoglobin would stain orange). 
The cells of fraction 3 (Fig. 27.3) had the beginnings of 
an oval shape and a nucleus that was much more condensed 
than in the cells of fraction 2. The cytoplasm stained 
blue. Many of the cells of fraction A (Fig. 27.*0 were oval 
and the cytoplasm of approximately 15% stained orange 
indicating the presence of large amounts of haemoglobin.
The majority of cells in fraction 5 (Fig. 27.5) were oval 
and all had an orange cytoplasm when stained. However, 
the depth of this orange colour varied, suggesting the 
haemoglobin content of some cells was higher than in others. 
Such variation was not seen in erythrocyte preparations
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Fig. 27
Micrographs of cells from each fraction of a BSA gradient
1 corresponds to ceils harvested from BSA gradient 
fraction 1, 2 to cells from fraction2and so o n .
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from adult birds (data not shown). The larger cell arrowed 
in Fig. 27.5 was an erythrocyte of the primary series as 
judged by its more rounded shape and larger size.
A precise classification of the cells from each gradient 
fraction is not possible since avian erythropoiesis is a 
continuous process. Therefore, many cells are in a trans­
itional state between one developmental stage and the next. 
However, the predomonant erythroid cell of fraction 1 is 
the erythroblast. Fractions 2 to k contain polychromatic 
erythrocytes with fraction 2 having a preponderance of the 
earliest of these cells and fraction k having a higher 
proportion of cells nearing maturity. The majority of 
cells in fraction 5 have reached maturity as judged by 
their morphology and by the presence of haemoglobin. The 
proportion of cells in fraction 5 agrees with the number 
of mature erythrocytes that has been reported in the 
literature for embryos of this age (Romanoff, I960).
c . Metabolic activities
A comparison of the metabol ic activities of the cells from 
each BSA gradient fraction was made to augment the morpho­
logical characterization. Here metabolic activity refers 
to the ability of the cells to synthesize DNA, RNA and 
proteins. This ability was estimated by measuring incorp­
oration of radioactive precursors into TCA precipitable 
mater i al.
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î) Incorporation of ^H-thymidine
Figure 28 shows the abilities of the cells from each gradient
fraction to incorporate ^H-thymidine into TCA précipitable
material. With each fraction incorporation of radioactive
precursor was approximately linear with respect to time.
However, there was a progressive reduction in the amounts 
a
of JH-thymidine incorporated from fraction 1 through to 
fraction 5. This is perhaps emphasized by the percentages 
shown in Table 9. Fraction l was given an arbitrary value 
of 100% and the levels of incorporation in other gradient 
fractions were calculated relative to this.
i i) Incorporation of ^H-uridine
Incorporation of ^H-uridine by cells from each gradient 
fraction is shown in Fig. 29. Once again incorporation 
was linear with respect to time and there was a progressive 
decrease from fraction 1 through to fraction 5. However,
j
this decrease appeared more marked than with ■'H-thymidine 
incorporation particularly in the drop in activity between 
fractions k and 5, i.e. the majority of the 300-fold 
decrease in ^H-uridine uptake from fractions 1 to 5 was 
contributed by the cells of fraction 5. The size of this 
decrease may, in part, be due to the rapid turnover of RNA 
that is known to occur in mature erythrocytes (Attardi 
et a[. , 1970; Zentgra f e£ a]_. , 1975).
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Fig. 28
a
Incorporation of H-thymidine into TCA précipitable matériel 
in cel1 s from each BSA gradient fraction
Fractions 1 to 5 were harvested from a total of 6 BSA 
gradients. The cells were washed four times with 
maintenance medium and counted. Cells from fractions
1 and 2 were resuspended in maintenance medium at
2 x 10^ cel 1s/ml while the other 3 fractions were 
resuspended at 10^ cel 1s/ml. All five fractions were 
incubated for 1 h at 37°C before the cells were pelleted, 
the medium removed and resuspended in Earles/20 mM HEPES/1% 
plus ^H-thymidine (U0 u Ci/10^ cells). Duplicate 250 ul 
samples were taken from each fraction at the time of 
addition of the radioactive precursor and then at 
intervals for up to k h. TCA precipitated radioactivity 
was determined as described in Materials and Methods and 
expressed per 10^ cells.
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Table 9
The relative incorporation of radioactive thymidine, uridine 
and leucine into cells of each BSA gradient fraction after 
incubation of 3 h. (Data from Figs.28, 29. 30)
% Incorporation into TCAl mater i a 1
Fract i on ^H-Thymidine -Uridine ^H-Leuc i ne
1 100 100 100
2 48 32 62
3 19 9 46
4 5 2 27.5
5 2 0.3 4.0
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Fig. 29
Incorporation of ^H-uridine into TCA precipitable material 
in ceils from each BSA gradient fraction
The experimental protocol described in Fig. 28 was used
a
except that cells were radiolabel1ed with H-uridine 
(50 n.Ci/10^ cells). TCA precipitated radioactivity 
(Materials and Methods) is expressed as counts per 10^ cells.
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An experiment to establish this point might be to pulse 
label erythrocytes from fraction 5 with ^H-uridine and see 
if this can be chased from TCA precipitable to TCA soluble 
material, indicating synthesis and subsequent degradation 
of RNA. Similar experiments with the cells of other BSA 
gradient fractions would serve for comparison.
i i i) Incorporation of ^H-leucine
As with radionucleotides, incorporation of ^H-leucine
decreased as the bouyant density of the cells increased.
However, the cells from fraction 1 gave rather variable
results. In the experiment shown in Fig. 30 their rate 
a
of H-leucine incorporation was apparently lower than 
cells of fractions 3 and U until after the first hour of 
incubation. In a second, similar experiment (data not 
shown) incorporation of ^H-leucine in cells from fraction 1 
was practically the same as that in cells from fraction 4. 
The reason for this variation was felt to be a reflection 
of the relatively small numbers of cells present in 
f ract ion 1.
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Fig. 30
Incorporation of ^H-leucine into TCA précipitable material 
in cells from each BSA gradient fraction
The experimental protocol described in Fig. 28 was used 
except that cells were radiolabel1ed with ^H-leucine 
(10 ^Ci/ml) and samples were boiled in 10% TCA (Materials 
and Methods) before counting. TCA précipitable radioactivity 
is expressed as counts per 10^ cells.
185 -
d. Comparison of the metabolic activities of cells from 
BSA gradient fractions with CEF ceils
The ability of cells from each gradient fraction to 
incorporate radioactive thymidine, uridine and leucine 
into TCA precipitable material was compared to that of an 
equivalent number of CEF cells (Table 10).
DNA synthesis in fraction 1 was 80% of the level in CEF 
cells. This decreased in cells of increasing density so 
that by fraction 5 it was just under 2%. The table also 
serves to illustrate, again, the very low levels of ^H- 
uridine incorporation by cells of fraction 5. This is 
some 500-fold lower than in CEF cells.
3
Levels of ^H-leucine incorporation by cells of each gradient 
fraction were generally high relative to CEF cells. Even 
fraction 5 appeared to be quite active (7% of the CEF cell 
level) in protein synthesis.
e. The contribution of each fraction to the metabolic 
act i vi ty of b 1ood
If incorporation of the radioactive precursors is recalculated 
on the basis of the proportion that each fraction has in 
blood then a quite different picture emerges. Thus as 
described above the cells of fraction 5 incorporate amounts
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Table 10
Comparison of metabolic activities of cells from each BSA 
gradient fraction with CEF ceils all labelled for a 3 h 
period
% Incorporation into TCAi material
a
^H-Thymi dine ^H-Uri di ne ^H-Leuc ine
CEF cel 1s 100 100 100
Fract i on
1 81.0 54.0 160.0
2 40.0 17.0 100.0
3 16.0 5.0 79.0
4 4.0 1.0 45.0
5 1.6 0.2 7.0
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of radioactive precursor lower than the cells of other 
gradient fractions. However, because fraction 5 comprises 
some 86% of the total number of cells it is the largest 
contributor to the metabolic activity of blood (Table 11).
As can be seen from Table 11, cells of other gradient fractions 
also make significant contributions to the metabolic activity 
of blood and may have influenced the results on viral 
protein synthesis reported in previous sections. The majority 
of experiments described in previous sections were on Ficoll 
separated, but otherwise unfractionated blood. Centrifugation 
of blood through 10% Ficoll reduced the number of cells in 
fractions 1 and 2 by approximately 10-fold but it had little 
effect on the relative numbers of cells in other fractions.
The low contribution of fractions 1 and 2 to the metabolic 
activity of blood plus the further reduction caused by 
centrifugation through Ficoll, make it unlikely that these 
fractions would have played any part in previous resuits. 
However, the abilities of fractions 3, 4 and 5 to support 
virus protein synthesis have still to be accounted for.
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Table 11
The contribution of each fraction to the metabolic activity 
in blood of 13 day old embryos
Fract i on
Proport i on 
in blood
% Contribution to the metabolic 
activity of 13 day embryo blood
^H-Thymi d i ne ^H-Urî di ne
o
H-Leucine
1 0. 12 4.0 14.0 3.0
2 0.19 6.0 7.0 2.3
3 2.3 8.0 24.0 9.0
4 11.2 30.0 21.0 40.0
5 86. 1 52.0 34.0 48.0
The figures for the levels of radioactivity incorporated into 
TCAl material 3 h after addition of the radiochemicals were 
adjusted to take into account the total number of cells in 
the blood of 13 day old embryos.
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The ability of cells of each BSA gradient fraction to support 
virus protein synthesis
Ceils from each fraction were infected with FP/R, rad i ol abel 1 ed 
3 5with S-methionine and loaded onto a polyacrylamide gel 
according to their proportion in 13 day old embryo blood.
Only fractions 4 and 5 incorporated significant radioactivity 
(Fig. 31). Therefore, the results of PAGE analysis shown 
in previous sections should be interpreted as being due to 
the mature cells of fraction 5 with some contribution from 
the less well differentiated cells of fraction 4.
Virus protein synthesis in cells from each BSA gradient 
fract i on
Samples of cells from each BSA gradient fraction were either 
infected with FP/R (moi 30 PFU/cell) or mock-infected with 
allantoic fluid. Figure 32 shows analysis of this experiment 
by PAGE. The polyacrylamide gel was loaded where possible 
on the basis of equal TCA-precipitable counts.
1. Mock-infected cells
As erythroid cells increase in density (i.e. as they mature) 
changes can be seen in the pattern of proteins synthesized:
#r
¡rr
 i
U l  1 2 3 4 5 V
NS1
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The ability of cells of each BSA gradient fraction to 
support virus protein synthesis
Cells from each gradient fraction were infected with FP/R 
(30 PFU/cel 1 ) and radiol abel 1 ed with ^"’S-methion ine 
(100 p,Ci/10^ cells) 6 to 6.5 h post - i n feet i o n . Samples 
from each fraction were loaded onto a polyacrylamide gel 
according to their relative proportions in 13 day embryo 
blood. Infected (i) and non-infected (ni) CEF cells and 
^^S-methionine-1abel1ed virions (V) were included as
markers.
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a) Globin synthesis was first detected in the ceils of 
fraction 2 and was observed to increase markedly in the 
cells of fraction 3. This comparison was justified since 
mock-infected fractions 2 and 3 contained equal cell 
numbers. Whether a further increase in globin synthesis 
occurred in fraction b could not be determined by eye 
since tracks U3 and U4 were loaded as closely as possible 
with equal radioactivity and not with equal numbers of 
cel 1s .
b) Other polypeptides appear as erythroid cells mature.
Four high molecular weight (> 120,000) proteins (labelled 
a to d) were present in the cells of fractions 3, b and 5
but not in those of fractions 1 and 2. Also seen in fractions 
3, b and 5 but not in 1 and 2 were a series of polypeptides 
labelled e to i with molecular weights ranging from 47,000 
to 10,700. These were clearly visible in fractions 3 and b 
but of reduced relative intensity in fraction 5 (the fraction 
5 track was loaded with four times the number of cells 
as the Fraction b track).
During erythrocyte maturation the synthesis of none of the 
existing proteins is shut off unilaterally, with the possible 
exception of actin (labelled ac in Fig. 32) synthesis which 
appears to be depressed relatively more than other proteins. 
Instead there appears to be a generalized reduction in the
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Ftg. 32
Virus protein synthesis in cells from each BSA gradient 
fract i on
Cells from BSA gradient fractions 1 to 5 (FI to F5) were 
infected (i) with FP/R or mock-?nfected (mi) and radio- 
labelled with ^ S - m e t h  i on i ne (100 ^Ci/10^ cells) 6 to 6.5 h 
p.i. Infected (i) and mock-infected CEF cells (mi) and 
^^S-methionine labelled virions (V) were included as
markers.
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level of protein synthesis. For instance U5 was loaded 
with seven times the number of cells as Ul. Similar 
observations concerning protein synthesis in erythrocyte 
maturation have been reported previously (Madgwick et_ al . , 
1972).
Thus, in summary erythrocyte maturation involves the synthesis 
of a few new proteins but at the same time the general level 
of protein synthesis is reduced.
2. FP/R infected cells
The cells of all gradient fractions were capable of supporting 
the synthesis of FP/R proteins (Fig. 32). The viral proteins 
detected in each fraction were PI, P2, P 3 , N P , M and NS1 .
In k + FP/R and in 5 + FP/R there was a diffuse band not 
present in the uninfected controls with a MW of ~76,000.
This protein band probably is uncleaved HA. Longer exposures 
of the autoradiogram (data not shown) show that this protein 
was probably present in the other fractions. The amounts of 
M synthesized relative to NS1 were roughly equivalent in the 
cells of fractions 1 and 2. However, in the cells of fractions
3, ** and particularly In 5 the amounts of M relative to NS1 
were reduced. Possible reasons for this will be discussed 
later.
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Also seen in fraction *+ were at least five protein bands 
(arrowed ; MW from *+2,000 to 29,000) migrating in the 
region between NP and M. The majority of these protein 
bands were also present in fraction 5 but probably not 
present in other fractions since longer exposures of the 
gel to autoradiography (data not shown) failed to reveal 
any such bands above the host cell background. The first 
of these protein bands below NP has a MW of *+2,000 and 
could possibly be HA1. However, its rate of migration is 
slightly slower than HA1 from purified virions. The other 
protein bands have not be reported previously (Lazarowitz 
et_ al_. , 1971; Skehel , 1972; Ingl i s et , 1 976; Lamb and 
Choppin, 1976; Ri tchie e£ £l_. , 1976). The origin of these 
protein bands is not clear. They may be cleavage products 
of larger viral proteins arising either inside the cell 
during infection or by some exogenous protease activity 
during preparation of samples for PAGE. Alternatively, they 
may be host proteins whose appearance was in some way 
promoted by FP/R infection.
Present in fractions *+ and 5 were at least five bands 
(arrowed in Fig. 32) migrating in the region below NS1.
We have also seen similar protein bands in FP/R infected 
CEF cells (Cook et al., 1979). These have MWs ranging from 
~ 2 2 ,000 to ~ 1 1,000. Lamb eit aj_. (1978) found protein bands 
with a similar MW range in WSN-infected CEF cells and showed
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by tryptic peptide analysis that all but one, designated 
N S 2 , were cleavage products of NS1.
Infection of cells from each BSA gradient fraction with NWS
Previous experiments (see Section 2) had shown that erythrocytes 
did not permit the synthesis of M protein when infected with 
the influenza strain NWS. However, these experiments were 
performed on Ficoll separated erythrocytes and, as already 
pointed out, under these conditions only proteins made by 
cells late in the erythropoietic series could be detected 
on polyacrylamide gels. Therefore, the possibility existed 
that the small proportion of cells representing the earlier 
part of the developmental sequence might permit the expression 
of M protein by NWS.
Figure 33 shows the results of PAGE analysis after infection 
of the cells of each gradient fraction with NWS. Both M and 
NS1 proteins were seen in fractions 1, 2 and 3 but not in 
fraction k. The cells of fraction 5 labelled poorly in this 
experiment and so were not included. Furthermore, from fractions 
1 to 3 there appears to be a progressive reduction in the 
amount of M relative to NS1. Therefore, it is concluded that 
cells early in the erythrocyte series allow the expression 
of NWS M protein.

BSA
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Fig. 33
PAGE of A/NWS proteins synthesized by the cells of each 
gradient fraction
Cells from each gradient fraction were infected with A/NWS 
(30 E IOgg/cel1) and incubated for 1 h at 37°C. Virus was 
removed, the cells resuspended in maintenance medium, 
incubated at 37°C, and radiolabel1ed at 6 to 6.5 h p.i. with 
^ ■’S-meth i on i ne (100 nCi/10^ cells).
Markers were provided by infected (i) and non-infected (ni) 
CEF cel 1s.
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Muít¡pi icat ion of NDV in mature and immature erythrocytes
In Section 1 it was shown that NDV replicated in Ficoll 
purified erythrocytes although the titre was only 1 PFU/200 
cells. An explanation for this low titre would be that 
virion production was confined to certain of the immature 
cells in the erythrocyte population. This suggestion was 
tested by separating mature from immature erythrocytes using 
BSA gradients and infecting them with NDV. Immature 
erythrocytes were regarded as those cells sedimenting in 
fractions 1 to *+ and mature erythrocytes as those cells 
sedimenting in fraction 5.
Immature erythrocytes, mature erythrocytes and erythrocytes 
that had been centrifuged through 10% Ficoll were infected 
with NDV. After 1 h at 37°C cells were disaggregated with 
trypsin and treated with neutralizing antiserum to reduce 
levels of inoculum virus (Mat ¡erais and Methods). Samples 
of cells and maintenance medium were disrupted by sonication 
at intervals after infection and infectivity measured by 
plaque assay on CEF monolayers. The results suggest (Fig. 3*0 
that it is the immature rather than the mature erythrocytes 
that produce the majority of progeny NDV. The 3-fold rise 
in infectivity in mature erythrocytes represents only 
1 PFU/12,500 cells. However, the population of cells from 
gradient fractions 1 to k contained 7-fold more mid- and
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F i g ., 3**
Multipi cat ion of NDV in mature and immature erythrocytes
Two 1 ml samples of 10^ cells were taken from immature 
(pooled BSA gradient fractions 1 to k) and mature (from 
BSA gradient fraction 5) erythrocytes at intervals after 
infection with NDV and assayed for infectious progeny 
virus production by plaque assay on CEF monolayers.
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late-polychromatic erythrocytes and 70-fold (since centri­
fugation of erythrocytes through Ficoli reduces the number 
of cells in fractions 1 and 2 by approximately 10-fold) 
more erythroblasts and early-polychromatic erythrocytes than 
Ficoli purified erythrocytes. Therefore, erythrocytes from 
fractions 1 to k would be expected to show a larger than 
2-fold increase over Fi col 1-purified erythrocytes in the 
level of progeny NOV produced. Furthermore, this preliminary 
experiment does not identify those erythrocytes which 
synthesize the greatest amounts of progeny NDV. Further 
experiments would require the cells of each gradient 
fraction to be infected separately and the results expressed 
on the basis of PFU/cell.
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Erythrocytes from 13 day old chicken embryos could be 
separated according to their state of differentiation by 
the use of discontinuous BSA gradients as previously 
described for the erythrocytes of adult birds by Appels 
et a l . (1972), Williams (1972) and Longacre and Rutter (1977).
Five fractions were obtained from these gradients. By 
morphological criteria fraction 1 contained predominantly 
erythroblasts while fractions 2 to k contained polychromatic 
erythrocytes. Fraction 2 had a preponderance of early- 
polychromatic erythrocytes and fraction k a high proportion 
o f  cells nearing maturity. The cells of fraction 3 were in 
an intermediate state of differentiation. Morphologically 
mature erythrocytes were isolated from fraction 5.
Measurements of the ability of the cells of each fraction to 
incorporate radioactive macromolecular precursors into TCA 
précipitable material added some confirmation to the morpho­
logical classification. Since in general incorporation 
decreased as buoyant density (which as previously explained 
is related to the degree of maturity of erythrocytes (Kabat 
and Attardi, 1967)) increased.
Measurements of ^H-thymidine incorporation into TCA précipitable 
material suggested that mature erythrocytes from 13 day old
3 . Di scu ss io n
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embryos were synthesizing DNA. This was in contrast to a 
similar analysis on equivalent cells from adult chickens 
(data not shown) in which ^H-thymidine was not incorporated 
in significant amounts, an analysis agreeing with previously 
published results (Williams, 1972; Longacre and Rutter,
1977). Thus it appears that mature erythrocytes from 13 
day-old chicken embryos may be undergoing some residual 
DNA replication and/or repair synthesis.
Although erythrocytes from embryos contain some comparatively 
'active' cells in terms of incorporation of radioactive 
substrates it is the most mature cells, simply because of 
their numbers, that are the major contributors to the metabolic 
activity of the erythrocyte population. In other words, in
7 2
un f ract i onated erythrocytes, J H-thyrrudine and JH-leucine 
incorporation by the mature erythrocytes would account for 
approximately 50% of the total. However, the cells sedimenting 
in fraction k would account for approximately 30%. This 
suggested that the results shown by PAGE in previous sections 
should be interpreted as being due to mature erythrocytes 
with some contribution from late polychromatic erythrocytes.
A suggestion confirmed by loading infected cells from each 
gradient fraction onto a polyacrylamide gel in the proportion 
that they occur in the blood.
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In Section 1 it was reported that only rRNA synthesis could 
3 9
be detected in P-iabelied unfractionated erythrocytes.
At first sight this appeared to be at variance with reports
that circulating erythrocytes from adult chickens did not
synthesize rRNA (Longacre and Rutter, 1977; Zentgraf et a l ..
1975). However, from Table 11 mature erythrocytes would
a
contribute only 30% to the total incorporation of ^H-uridine 
by an erythrocyte population from 13 day-old embryos. Thus 
the bulk of the rRNA synthesis observed in Section 1 is most 
likely due to immature erythrocytes.
PAGE analysis of proteins synthesized by uninfected cells 
from each BSA gradient fraction revealed the following 
i nformat i on:
Globin synthesis was detected early (Fraction 2) in the 
erythropoietic cycle. This agrees with reports that a 9S 
m R N A , thought to be globin m R N A , can be detected at the 
early polychromatic erythrocyte stage (Attardi et al_. , 1970).
Certain polypeptides (labelled a to i in Fig. 32) present 
in fractions 3 to 5 were not detected in fractions 1 and 2. 
This suggested that during erythrocyte maturation there 
may be certain genes which are actually de-regressed.
Clues to the identity of these polypeptides may come from 
consideration of those polypeptides known to be synthesized
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by avian erythrocytes. Simply on a MW basis it is possible 
that proteins labelled f to i could be histones (MW 12,000- 
20,000). However, synthesis of histones, including the 
unique erythrocyte histone (H5) is virtually complete at the 
erythrobl ast stage (Appels et^  a_l_. , 1972). Ru i z-Ca r r i 11 o 
et_ £j_. (1974) have reported that a protein of MW 50,000 is 
selectively retained throughout erythrocyte maturation. 
However, Jeter et a K  (1976) have shown that this and other 
nuclear acidic proteins are also synthesized predominantly 
at the erythroblast stage. Therefore, it is unlikely that 
polypeptides a-i are acidic nuclear proteins.
Chan (1977) purified the plasma membranes of erythrocytes 
from different ages of chicken embryo (2.5 days to 18 days). 
The results show a correlation between the age of the embryo, 
and hence the proportion of mature erythrocytes, and the 
accumulation of at least six proteins in the erythrocyte 
plasma membrane. Three of these proteins ha d M W s o f  over 
200,000 two h a d M W s o f  approximately 100,000 and one had a 
MW of 42,000.
Polypeptides (a) and (b) h a d M W s o f  approximately 200,000, 
polypept ides (c) and (d) h a d M w s o f j u s t  over 100,000 while 
polypeptide (e) had a MW of 47,000. Therefore, it is possible 
that bands a to e correspond to plasma membrane proteins. 
However, although polypeptides (a) to (e) were present in
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the cytoplasmic fraction of uninfected erythrocytes (data 
not shown) reference to Section 3 (Fig. 23) shows that 
polypeptides (a) and (b), but not (c) or (d) were also 
present in the nuclear fraction. Thus if (a) and (b) were 
associated with the plasma membrane they may also be 
associated with the nuclear membrane. A test of this 
would be to isolate and characterise the proteins in both 
the nuclear and plasma membranes. A technique for separation 
of these types of membrane from erythrocytes has been 
described by Zentgra f et aj_. (1971). As for the possible 
identity of polypeptides f to ? little can be said at present.
An examination of the proteins synthesized by the cells of 
each gradient fraction after infection with FP/R demonstrated 
that erythrocytes could support the synthesis of viral 
proteins throughout their developmental sequence. However, 
in the cells of fractions 3, 4 and particularly in 5, the 
amounts of M relative to NS1 were reduced. This may be 
explained if it is assumed that the putative host factor 
required for M protein synthesis (see Section 2) becomes 
reduced either in activity or in amount during erythrocyte 
maturation. As a consequence of this reduction, relatively 
less M protein is synthesized.
Infection of the cells of each gradient fraction with NWS 
yielded a different situation in that M protein synthesis
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was lost altogether by the late polychromatic stage. The 
implication of this being that NWS either requires a higher 
concentration of host factor than FP/R to synthesize M or 
that it uses a different host factor which is absent in late 
polychromatic erythrocytes.
At least five polypeptides (MW ^2-29,000) could be seen 
migrating between NP and M in FP/R infected cells of 
fractions k and 5. These polypeptides had been observed 
in FP/R infected erythrocytes in previous experiments 
although not in FP/R infected CEF cells. There are several 
possible explanations of their origin. The first is that 
they are virus coded and are formed by proteolytic cleavage 
either within the cell or in subseauent sample preparation. 
Another alternative is that in mature or nearly mature 
erythrocytes defects in translation occur which cause 
incomplete viral polypeptides to be produced. Still other 
explanations are based on the five polypeptides being of 
host origin and somehow influenced by FP/R infection. For 
instance, FP/R may stimulate the synthesis of certain host 
proteins. Alternatively, it may cause certain high MW 
host proteins to be degraded or perhaps even cause premature 
termination in the translation of certain mRNAs. In Section 2 
(Fig. 17) it can be seen that at 3.5 h p.I. polypeptides 
A to D disappear while at the same time point there are traces 
of additional polypeptides migrating between NP and M.
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However, it would probably be necessary to compare the 
peptide maps of these five polypeptides with those of 
suitable host or viral protein candidates in order to 
establish their origin.
Also present in FP/R infected cells of fractions 4 and 5 
were several polypeptides migrating below NS1. Although 
the same arguments apply to these as just described above, 
polypeptides of a similar molecular weight range have been 
observed in WSN infected CEF cells (Lamb e£ aj_. , 1978) and 
in FP/R infected CEF cells (Cook et , 1979). All but 
one of these polypeptides, designated NS2, have been found 
to be cleavage products of NS1 (Lamb e_t aj_. , 1978).
On infection with NDV immature erythrocytes (pooled fractions 
1 to 1+) produced, perhaps not surprisingly more progeny 
virions per cell than mature erythrocytes. In Section 1 
it was reported that erythrocytes centrifuged through Ficoll, 
but otherwise unfractionated would synthesize detectable 
amounts of progeny SFV and NDV but not of FP/R. In view of 
the fact that the majority of the progeny virions synthesized 
were from immature rather than mature erythrocytes it is 
possible that all erythroid cells are non-permissive for FP/R 
infection. To check this would require that the cells of 
each gradient fraction be infected with FP/R and assayed 
i ndependent1y.

207
1. Int roducti on
Erythrocytes from 13 day old embryos, which are regarded as
mature by morphological characteristics and by haemoglobin
content, still retain a measurable level of metabolic
activity. For instance, incorporation of TCA-precipitable 
3 3 5H-leucine and S-methionine or analysis by PAGE shows 
them to be synthesizing a large number of proteins at about 
7% of the level found in CEF cells. There are indications 
that mature erythrocytes from adult birds are much less 
metabolical 1y active (Lucas and Jamroz, 1961; Kabat and 
Attardi, 1967; Williams, 1972). From this point of view 
the erythrocytes from 13 day and adult birds might be 
regarded as different cell types. This notion was investigated 
by determining the extent to which mature erythrocytes from 
adult birds could support FP/R protein synthesis. The 
experiment described in Section 1 of infecting Ficoll- 
separated adult chicken blood cells, goes some way towards 
this goal. However, the results of this experiment could 
have been influenced by the small number (5%) of immaturei
erythrocytes present in the blood of adult chickens after 
Ficoll separation. In order to obviate this critism the 
erythrocyte population from adult chickens was fractionated 
using discontinous BSA gradients as previously described 
(see Materials and Methods).
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2. Results
Characteristics of the cells from each BSA gradient fraction
a ) The proportion of ceils obtained in each fraction
Table12 shows the distribution of cells in each fraction 
following centrifugation of adult chicken blood through a 
BSA gradient. There were more mature erythrocytes (95% of 
the total) than in 13 day old chicken embryo blood (see 
Table 12).
The proportion of leucocytes in adult chicken blood is about 
0.6% (Olson, 1963). These cells were removed in subsequent 
experiments by centrifugation through 10% ficoll (Materials 
and Methods) before centrifugation on BSA gradients, a 
procedure which reduced the already low number of cells 
present in Fractions 1 and 2 (see Table 12), to a point 
where it was not practicable to work with them.
b) Morpholoqy
The morphologies of the cells in each BSA gradient fraction 
were similar to those described for 13 day old embryo blood 
(data not shown) except that adult erythroid cells tended 
to be slightly smaller than their 13 day old embryo counter 
parts (Wignall and Dimmock, unpublished data).
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Table 12
The proportion of cells sedimenting in each fraction of 
a BSA gradient
A B
Adult B1ood 13 day old 
Embryo Blood
BSA Gradient % of cells in % of cel 1s in
Fract i on each fraction each fraction
1 0.03 0. 12
2 0. 10 0. 19
3 0. 14 2.3
4 4.6 11.2
5 95.2 86. 1
Column A shows the proportion of cell s sedimenting
in each fraction following centrifugation of adult 
chicken blood in BSA gradients. For comparison 
column B shows the proportion of cells found in the 
same fraction after centrifugation of 13 day old 
embryo blood in BSA gradients.
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c) Incorporation of ^H-Uridine
Figure 35 shows the abilities of the cells from BSA gradient
fractions 3, b and 5 to incorporate ^H-uridine into TCA
precipitable material. With each fraction incorporation of
radioactive precursor was approximately linear with respect
to time but as observed with blood from 13 day old embryos
(see Section 4), there was a progressive reduction in
incorporation as the cells increased in density. As a comparison,
incorporation of TCA precipitable ^H-uridine into mature
(fraction 5 of a BSA gradient) 13 day old embryo erythrocytes
was measured and proved to be less than in mature erythrocytes
from adult birds (Fig. 35). This result was not expected
3 5 . . .considering the relative levels of S-methionine incorporation 
(see Section 1). A further check measured ^H-leucine 
incorporation in erthyrocytes from 13 day embryos and adult 
birds. The mature erythrocytes from embryos incorporated 
1+0-fold more radioactivity after a k h labelling period 
(Fig. 36a) than mature erythrocytes from adult birds. The 
results of a parallel experiment measuring ^H-uridine 
incorporation into the two ages of mature erythrocyte are 
shown in Fig. 36b, a result confirming that shown in Fig. 35.
Thus although incorporation of ^H-leucine into TCA precipitable 
material is lower in mature adult erythrocytes than in mature 
embryo erythrocytes, incorporation of ^H-urldine is some­
what higher (33-fold after a k h labelling period).
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Fig. 35
Incorporation of ^H-Uridine into TCA precipltable material
Blood from an adult chicken was centrifuged through BSA 
gradients. Fractions 3, *+ and 5 were harvested as described 
in Materials and Methods. These were washed and resuspended 
in maintenance medium such that fraction 3 was at 10^ cel 1s/ml 
and fractions A and 5 were at 107 cells/ml . After incubation 
for 1 h at 37°C the cells were radiolabel1ed with ^H-uridine 
(50 nCi/107 cells) in Earles/20mM Hepes/j^j 199 (1 ml 199 per 
100 mis of Earles saline). Samples were taken at the time 
of addition of radiochemical and at intervals for A h.
TCA precipitable radioactivity was determined as described 
in Materials and Methods. Results are expressed as cpm/10^ 
cells. As a comparison a similar, parallel experiment was 
performed with 13 day old embryo erythrocytes harvested from 
fraction 5 of a BSA gradient (labelled: 13D Fraction 5).
Anouns
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Fig. 36
Comparison of incorporation of ^H-1eucine and ^H-uridine into 
TCA precipitabie material in mature embryo erythrocytes 
and in mature adult erythrocytes
Mature erythrocytes (10^ cells/ml) from 13 day old chicken 
embryos and mature erythrocytes from an adult chicken were 
incubated in maintenance medium for 1 h at 37°C. Mature 
erythrocytes were harvested from fraction 5, cells were 
rad iol abel 1 ed with ^H-leucine (Fig. 36a) (10 (j,Ci/10^ cells) 
or ^H-uridine (Fig. 36b) (50 uCi/lO'7 cells) in Earles/20 mM 
Hepes/1% 199. Samples were taken at the time of addition 
of the radiochemical and at intervals for k h. TCA precipitabie 
counts were determined as outlined in Materials and Methods.
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d) TCA soluble and TCA precipitable radioactivity
The results just described could be explained by the
a
differential uptake of JH-uridine and this was investigated 
by determining TCA-soluble pools of radioactive-precursor.
Table 13 shows TCA-soluble (determined by subtraction of TCA 
precipitable counts from total counts as outlined in Materials 
and Methods) and TCA precipitable radioactive counts, 
expressed in P moles, following labelling of mature 
erythrocytes with either ^H-uridine (50 nCi/10^ cells) or 
^H-leucine (10 y, C i /10^ cells). Samples were taken 2 h after 
addition of the radiochemical.
This experiment was only intended as a pilot study for one 
in which samples would be taken at intervals after the 
addition of radiochemical. Time did not permit this extended 
experiment to be carried out and so the results shown in 
Table 13 can only be regarded as preliminary. However, they 
suggest that despite differences in the levels of RNA synthesis 
the two ages of erythrocyte contain approximately the same
3
amounts of 'free' H-uridine. This can be contrasted to
3
some extent to the situation with ^H-leucine where embryo
erythrocytes not only synthesize more protein than adult
erythrocytes, but they also contain higher levels of 'free'
3
H-leucine. If these results could be verified they would 
argue against the explanation that the lower level of 
^H-uridine incorporation in embryo erythrocytes is due to 
some defect preventing the radiochemical entering the cell.
h
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Fig. 37
PAGE of proteins synthesized !n FP/R-infected mature 
erythrocytes from an adult chicken
FP/R infected (i) or non-infected (ni) mature erythrocytes 
from an adult chicken were radio]abel1ed with ^^S-methionine 
as described in the text.
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PAGE analysis of FP/R infected mature erythrocytes
Adult chicken blood, previously centrifuged through 10% 
ficoll, was fractionated into different cell types by the 
use of a discontinuous BSA gradient. Cells from fraction 5 
were washed, infected with FP/R (30 PFU/cell) and radiol abel1ed 
with  ^•’S-meth i on i ne (150 uCi/10^ cells) 6 to 6.5 h post­
infection. The viral proteins NP, M and NS1 (Fig. 37) 
could be detected in the infected cell sample suggesting 
that even mature erythrocytes from adult birds could support 
the synthesis of fowl plague viral proteins.
3. Pi scussion
As previously reported (Williams, 1972; Appel s e£ aj_. , 1972; 
Longacre and Rutter, 1976) erythrocytes from adult chickens 
could be separated according to their state of differentiation 
by discontinuous BSA gradients. Approximately 95% of the 
erythrocytes were classified as mature, however they were 
found to incorporate less ^H-1eucine (^tO-fold) but, 
surprisingly, more ^H-uridine than mature erythrocytes from 
13 day old embryos. Thus, compared to the process in the 
embryo, erythropoiesis in the adult may involve a more 
stringent reduction in protein synthesizing capacity but
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less of a reduction in RNA accumulation. Indeed, comparison 
of Fig. 35 of this section with Fig. 29 of Section ** 
indicates that RNA accumulation may also be higher in those 
adult erythrocytes sedimenting in gradient fractions 3 and k 
than in equivalent erythrocytes from 13 day old embryos. 
(Experiments detailed in Fig. 29 Section *+ and Fig. 35, 
Section 5 were carried out using similar conditions but not 
in parallel). It is not clear whether these results reflect 
differences in functional requirements between erythrocytes 
of the 13 day old embryo and those of the adult or whether 
embryo erythrocytes derived mainly in the yolk sac (Lucas and 
Jamroz, 1961; Olson, 1963; Nigon and Godet, 1976) undergo 
slightly different maturational events from those of the 
adult which are derived from the bone marrow (Lucas and Jamroz, 
1961; Olson, 1963; Godet, 197*+; Nigon and Godet, 1976).
Infection of mature erythrocytes from adult chickens with 
FP/R demonstrated that even these fully differentiated cells 
could support viral protein synthesis. Furthermore, M 
protein synthesis was detected in addition to that of NP 
and NS1 implying that the mature erythrocytes of the adult 
bird still retain sufficient of the necessary host factor(s) 
to allow M protein expression.
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Conci usions
The results presented here show that chicken erythrocytes, 
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of erythrocytes with either SFV or NDV leads to the production 
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erythrocytes. Whether the capacity of immature erythrocytes 
to replicate certain viruses has any relevance in the disease 
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C h ick en  erythrocytes can b e in fected  by the fow l plague (R ostock) strain (F P /
R) o f  influenza type A , N ew castle d isease  virus (N D V ), and Sem lik i Forest virus 
(S F V ). Only N D V  and SFV  produced infectious progeny, albeit a t low  levels. 
In fec tio n  b y F P /R  w as m onitored by d e  novo syn th esis o f  viral proteins, and the  
p ro te in s  synthesized  could b e id entified  by com parison w ith infected  chicken  
fibrob last cells. F P /R  synthesized  far greater am ounts o f  viral protein  than  did  
N D V  o r  SFV .
In our ea r lier  work (18, 29) we investigated  
chicken ery th ro cy te  n uclei w hich are m etabol- 
ically dorm ant (2 ,1 3 ,1 4 ,2 7 ) , to  see if th ey  could  
provide th o se  nuclear functions w hich are n ec­
essary for th e  intracellular synthesis o f  influenza 
virus-coded co m p o n en ts (4, 12, 17, 24, 28, 30). 
W e in trodu ced  th e  erythrocyte nuclei into cul­
tured cells w h ic h  had b een  enucleated function­
ally w ith  actin om ycin  D  (18) or physically  (29) 
and found t h a t  such reconstituted  cells could  
support so m e viral m acrom olecular sy n th esis  
w hen in fected  w ith  an influenza virus. T h is  
raised the p o ssib ility  th a t viruses m ight be ab le  
to  m ultiply in  ery th rocy tes them selves; ev idence  
to  support th is  idea is provided by observations 
that ery th rocy tes are capable o f p inocytosis o f  
influenza v iru se s  (S).
T h e  assoc ia tion  o f viruses and erythrocytes  
during in fec tio n s o f anim als has been reported  
for m em bers o f  a  num ber o f  different virus 
groups (see reference 11), and Colorado tick  
fever virus h a s  been on e o f  the m ost thoroughly  
studied  (11, 3 3 ) . H ow ever, these  authors con ­
clude that C olorado tick fever virus infects 
erythropoietic cells, w hich  results in  th e  pres­
ence o f  v ir ion s in  erythrocytes. In th is report w e  
describe th e  in fection  o f  chicken erythrocytes in  
vitro by in flu en za  and other viruses and th e  
subsequent sy n th esis  o f  virus-coded com ponents  
or infectious virus. W e understand that this is  
the first in sta n ce  o f  virus m ultiplication in eryth­
rocytes in fec ted  in  vitro, and w e believe that th is  
will b e o f in te r e st  to  those investigating both  
pathogenesis a n d  virus-cell interactions.
M A TERIA LS AND METHODS
C ells. Chicken embryos used in these experiments 
were from a h y brid  flock derived from a Light Sussex female and a  C020 male. Eggs were obtained from a 
commercial b reeder (Locksley Ltd., Nuneaton, Eng­land).
Avian erythrocytes were obtained from 13-day-old 
chicken embryos by cutting the allantoic blood vessels 
and allowing blood to drain into the allantoic fluid for 
10 min. This fluid was removed from the egg, and 
erythrocytes were collected by centrifugation a t 500 x  g  for 10 min and washed twice in Alsever solution.
Monolayers of primary chicken embryo fibroblast 
(CEF) cells were prepared in 5-cm petri dishes (32).
V iruses. We used influenza virus A /FPV/Rostock/ 
34 (Havl N l) (FP/R ), Newcastle disease virus (NDV) 
strain Texas, and Semliki Forest virus (SFV). FP /R  
stocks were grown in 11-day embryonated chicken 
eggs by injection into the allantoic cavities of approx­
imately 10s plaque-forming units (PFU) in 0.1 ml of 
phosphate-buffered saline (PBS). After incubation for 
18 h a t 37°C, the eggs were chilled and the allantoic 
fluid was collected. This was used as stock virus. NDV 
stocks were prepared similarly except that infected 
eggs were incubated for 48 h at 37*C. Infectivity was 
determined by plaque assay in CEF monolayers, and the hemagglutinin (HA) was titrated as previously 
described (11). Neuraminidase (NA) was assayed by 
the liberation of N-acetyl neuraminic acid from fetuin 
(37). SFV was grown in CEF cells in suspension (19).
P u rifica tio n  o f  e ry th ro cy te s  by  cen trifuga tion  
th ro u g h  10% Ficoll. A 10% solution of Ficoll (Sigma 
Chemicals Ltd., Poole, Dorset, England) was prepared in PBS and sterilized by autoclaving. Blood cells (2 
ml) in Alsever solution were diluted with ice-cold 10% 
Ficoll (1 ml) to a final concentration of 4 x  10* cells/ 
ml. This mixture (1.5 ml) was layered onto 10 ml of 10% Ficoll and centrifuged at 100 X g for 10 min at 
4°C. Erythrocytes sedimented to the bottom of the 
tube leaving a mixture of leukocytes and erythrocytes 
a t the interface (see Results). 'In fection  o f  cells. Both CEF cell monolayers and 
the purified suspension of erythrocytes were infected 
a t a multiplicity of 30 PFU/cell. Virus was adsorbed 
to cells for 1 h a t 37*C. As expected, th is caused 
erythrocytes to aggregate and, where necessary, aggre­gates were dispersed, as described in Results. Cells 
were incubated in medium 199 containing 5% newborn 
calf serum (Flow Laboratories Ltd., Irvine, Scotland) 
buffered to pH 7.4 with 20 mM H EPES (N-2- hydroxyethyl piperazine-AT-2-ethanesulfonic acid)-
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NaOH. Erythrocyte» were kept in suspension on a 
Rolamix mixing wheel (Luckham & Co. Ltd., Burges» 
Hill, Sussex, England). Zero time of infection is taken 
as the  time of addition of virus.
R ad io lab e lin g  o f  cells. Before labeling, cells were 
washed twice with PBS. Labeling was carried out in Earles saline buffered with <*) mM HEPES-NaOH to 
pH  7.4 and containing 100 pCi of [uS]methionine 
(specific activity, 800 pCi/mmoL Radiochemical 
Centre, Amertham) per mL
PA G E. Gradient slab gels for polyacrylamide gel 
electrophoresis (PAGE) containing sodium dodecyl 
sulfate (SDS) (20 by 20 cm) were prepared by using the trisdiydroxymethyllaminomethane (Tris)-glycine buffer system (23). The polyacrylamide gradient was 
from 10 to 30*7 (wt/vol) and contained 0 to 8% glycerol. The ratio of bisacrylamide (Eastman-Kodak, Roches­
ter, N.Y.) to acrylamide was 1:212.
Samples were prepared by the  addition of 1/10 of a 
volume of 1% /3-mercaptoethanol together with 1.4% 
(wt/vol) SDS followed by heating in a boiling water 
bath for 2 min. After electrophoresis a t 20 mA for 13 
h the gels were dried under suction onto a filter paper 
and exposed to  Kodirex film (Kodak Ltd., Hemel 
Hempstead, Herts, England) for 5 to 8 days.
F lu o re scen t an tib o d y  s ta in in g . After infection 
with F P /R  for 1 h a t 37*C, cells were pelleted and 
suspended in Earles saline containing 25 mM Tris- 
hydrochloride (pH 7.7) and 10 mg of trypsin (type III, 
Sigma Chemicals Ltd., Poole, Dorset. England) per ml to disperse aggregates. Incubation was continued tor 
30 min at 37°C and the cells were rinsed and resus­
pended in PBS adjusted to pH 3 for 1 min a t 4°C to 
inactivate residual infectious virus (36). This treat­
ment did not affect the ability of the erythrocytes to 
vnthesixe labeled viral proteins as determined by 
PAGE. After the required periods of incubation at 
)7°C a smear of infected and noninfected cells in 20% 
calf serum was made on microscope slides. These were 
dried with a fan and subsequently fixed in acetone at 
4*C. Cells were stained by the indirect technique, 
firstly with anti-N P serum (18) for 30 min a t 37°C and 
then with fluorescein isothiocyanate-conjugated sheep 
anti-rabbit immunoglobulin G (Wellcome Reagents 
Ltd., Beckenham, England) for the same period. After 
incubation with serum, preparations were soaked in PBS for 40 min with six changes of solution to reduce 
the background level of fluorescence to a minimum. Fluorescence was observed with a Reichert Binolux II 
microscope, and all photographic procedures were kept constant to  allow direct comparison of the prints.
RESULTS
P repara tion  o f purified erythrocytes. 
P re lim in ary  ex p erim en ts  show ed th a t  new ly 
syn thesized  rad io lab e led  v ira l p ro re in  cou ld  be 
d e tec ted  in  w ash ed  b u t u n fra c tio n a ted  chicken 
blood cella in fec ted  w ith  F P /R . H ow ever, 13-day 
chicken e m b ry o  b lood  c o n ta in s  a sm all p ro p o r­
tion  (0.01%) o f  leu k o cy tes (35) a n d  it w as nec­
essary  to  s e p a ra te  e ry th ro c y te s  an d  leukocy tes 
to  show  w h ich  w ere  responsib le  fo r v tra t p ro te in  
synthesis.
C ells w are  se p a ra te d  a s  o u tlin ed  in  M a te ria ls
an d  M eth o d s. T h e  leukocyte  frac tio n  w as fu r­
th e r  p rocessed  by  a  second  cen trifuga tion  
th ro u g h  10% Ficoll. In  th is  w ay, tw o pop u la tio n s 
o f cells w ere  o b tained : purified  e ry th ro c y te s  and  
an  en rich ed  po p u la tio n  o f  leukocy tes in  w hich 
th e re  w as a n  app ro x im ate ly  eq u al p ro p o rtio n  of 
leu k o cy tes to  e ry th ro cy te s  (i.e., a  10*-fold en rich ­
m en t o f  leukocytes). B lood from  60 em bryos 
y ie ld ed  ap p ro x im ate ly  4 x  10* leukocytes. T h e  
p u r i ty  o f  th e se  cell po p u la tio n s w as m o n ito red  
by  p h a se -co n tra s t m icroscopy  an d  by  th e  use  o f 
a  C o u lte r  C hanneiyzer C-1000 (C o u lte r E lec­
tro n ic s  L td ., H arp en d en , H e rts , E ng land) w hich 
m easu re s  th e  d istr ib u tio n  o f  suspended  p a rtic le s 
a s  a  fu n c tio n  o f  th e ir  volum e. F igure  1 is  a  trace  
o b ta in e d  from  th e  C o u lte r C hanneiyzer show ing 
th a t  e ry th ro c y te s  a n d  leukocy tes from  th e  in te r­
face o f  th e  Ficoll se p a ra tio n  consist o f  tw o  size 
classes. B y  app ly ing  th e  a p p ro p ria te  fo rm ula  
(16) to  th e  re la tiv e  volum es, th e  ac tu a l vo lum es 
w ere calcu la ted  a s app ro x im ate ly  79 a n d  84 pm 1, 
respective ly . C ells w hich  pe lle ted  th ro u g h  th e  
10% F icoll w ere d is tr ib u te d  in  a  s ing le  peak  
co rresp o n d in g  to  a  vo lum e o f  84 pm 1. T h e s e  d a ta  
a re  c o n sis ten t w ith  th e  m icroscopic obse rv a tio n  
show ing  th a t  in te rface  m ate ria l consists  o f leu­
ko cy tes an d  e ry th ro cy tes, w hereas p e lle ted  m a­
te ria l com prised  on ly  e ry th ro cy tes. T h e  volum es
3
RELATIVE VOLUME
F ig . I. S u e  distribution o f purified erythrocytes 
and o f a preparation enriched for leukocytes (WC) 
made by centrifugation in 10% Ficoll, in which cell 
volume is plotted against relative cell number. The 
graph is the direct trace from a Coulter Channelyter.
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given  above are in  agreem ent w ith  values cal­
cu lated  from published figures (35). W e conclude  
th a t centrifugation through 10% Ficoll offers a 
procedure for purifying ch ick en  erythrocytes.
In fe c t io n  o f  e r y t h r o c y t e s  a n d  le u k o c y te s  
w it h  F P /R . A  to ta l o f  10* unfractionated blood  
cells, 107 purified erythrocytes, an d  2 x  10* cells 
from  the enriched leu k ocyte  population  were 
in fected  w ith F P /R . Incorporation  o f trichloro­
acetic acid-precipitable rad ioactiv ity  into blood  
cells or purified eryth rocytes w a s n ot stim ulated  
on infection. H ow ever, n ew ly  syn thesized  radio- 
labeled  viral proteins w ere d e tected  on analysis 
b y PAGE; Fig. 2 sh ow s th a t b o th  preparations 
synthesize viral proteins in  approxim ately equal 
am ounts. N o protein  sy n th esis  w a s detected  in  
leukocytes on P A G E  ev en  on exposure o f the  
autoradiogram  for 8 w eeks. L eukocyte viability  
w as confirm ed by th e  exclu sion  o f  trypan blue  
b y around 50% o f  th e  population . S ince the  
enriched w hite cell population  contained  about 
lO'-fold more leu k ocytes than  w h ole  blood we 
conclude that leu k ocytes are n o t contributing
a b  c d  e f  g h
Fic. 2. PAGE o f proteins synthesized in chicken 
cells infected with FP/R: (a), (b) CEF cells; (c), (d) 
unfractionated blood cells (lO'/ml); (e), (f) purified 
erythrocytes (101 /ml); (g), (h) enriched white cells (2 
x  10"/ml) (a), (c), (e), and (g) were not infected and 
(b), (d), (f), and (h) were infected with 30 PFUper cell. 
Cells were labeled with [ MSJmethionine from S to S 
h postinfection. Host proteins actin (ac) and globin 
(g) are also indicated. Nomenclature o f FP R pro­
teins follows the established convention f!5. 21. 24). 
Tracks c to f  were loaded with approximately equal 
radioactivity (80,000 cpm) and g  and h each were 
loaded with 8.000 cpm, the maximum available.
significantly to  th e  syn thesis o f viral proteins 
observed in  in fected  blood. T hus, although it 
w as not n ecessary to  purify erythrocytes, we 
continued to  u se  th e  procedure as an added  
precaution.
B y  com parison w ith the proteins known to  be  
synthesized  in C E F  cells it  is  apparent that 
erythrocytes syn th esize  P i, Pt, and Pj, th e  un­
cleaved H A  precursor w hich m ay or m ay not be 
glycosylated, N P , M, and N S i. HAi but n ot H A 2 
was detected; in  addition, there w as a protein  
m igrating in  advance o f N P  w hich  appeared in  
neither non infected  erythrocytes or CEF cells. 
T his protein  is  in  the position expected o f non- 
glycosylated N A , which in  its  glycosylated form  
co-m igrates w ith  N P . T h e sm allest viral protein  
NS? w as obscured by globin in infected ery th ­
rocytes and blood.
F lu o r e s c e n t  a n tib o d y  s t a in in g  o f  F P /R -  
in fe c te d  e r y th r o c y te s .  It w as im portant to  
determ ine w h eth er viral proteins were syn th e­
sized in all or possib ly  in only a  few  particularly  
productive erythrocytes. Infected erythrocytes 
stained w ith an ti-N P  serum  fluoresced m ore 
brightly than noninfected cells. However, the  
level o f  fluorescence was low  at all times. P osi­
tive fluorescence w as found at 3 h  postinfection  
and th is increased up to 8 h  postinfection (Fig. 
3) show ing th a t N P  antigen is synthesized de 
novo. It is not d u e to  the progressive accum ula­
tion o f inoculum  virus, since cells were disaggre­
gated after infection  with trypsin and residual 
virus w as rem oved with pH  3 buffer solution. As 
shown in  Fig. 3, a ll erythrocytes fluoresced w ith  
the sam e in tensity , indicating that infection and 
synthesis were uniform  with respect to  tim e and 
quantity o f  antigen  synthesized. F luorescence 
was too faint to  b e sure o f its location, although  
it seem ed to  b e brightest in the region o f  the  
nucleus, a s described originally by Breitenfeld  
and Schafer (6).
C o m p a r iso n  o f  th e  a m o u n ts  o f  F P /R  p ro ­
te in  s y n t h e s iz e d  in  p u r if ie d  e r y th r o c y te s  
a n d  C E F  c e l l s .  Equal am ounts o f tota l protein  
from in fected  erythrocytes and infected CEF  
cells w ere loaded  onto a polyacrylam ide gel. 
B oth  cell types w ere infected a t 30 P F U /ce ll and 
labeled at 5 to  6  h postinfection w ith [” S]m e- 
thionine (100 p C i/10 ' cells). A  com parison m ade 
at this tim e w as justified sin ce th e  tim e courses 
o f viral protein  synthesis in  erythrocytes and 
C EF are v e iy  sim ilar (unpublished data). T h e  
resulting autoradiogram  w as scanned w ith a 
Joyce-L oebl densitom eter, and th e  area under 
the viral N P  peak produced by each cell type  
w as calculated . W hen norm alized for total pro­
tein, eryth rocytes synthesized 5% o f  the am ount 
o f  N P  found in  CEF cells. H owever, if  the cal­
culations are m ade on th e  am ount o f N P  syn-
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F i g . 3. Fluorescent antibody staining o f (a) non 
infected erythrocytes, (b) infected erythrocytes a t 3.5 
h postinfection, and (c) infected erythrocytes at 8 h 
postinfection with F P /R ; (d) shows the same fie ld  as 
(c) viewed under phase-contrast optics. A il aspects of 
photography o f the stained cells u ere kept lonstant.
thesized per cell, th en  erythrocytes m ake 0.6orc 
N P  com pared w ith  C EF  cells.
M u lt ip lic a t io n  o f  N D V  a n d  S F V  in  e r y t h ­
r o c y te s .  Before looking for the production of 
in fectious F P /R , w e infected  erythrocytes with  
viruses w hich  do n ot need nuclei for their m ul­
tiplication. N O V  and SF V  both  have R N A  ge­
nom es and are natural pathogens o f birds. A fter  
infection, ce lls  w ere w ashed extensively  and 
treated w ith  trypsin  as before. Residual N D V  
inoculum  w as b lith er  reduced by treatm ent w ith  
neutralizing antiserum  for 1 h  a t 37°C  and resid­
ual S F V  w as further reduced b y w ashing cells 
w ith pH  3 buffer solution . S am p les o f cells and 
culture fluids w ere disrupted at intervals after 
infection, and in f activ ity  w as m easured by  
plaque assay on C E F  m onolayers. T here w as an 
increase in  in fsctiv ity  o f  about 100-fold o f  N D V  
and S F V  during th e  incubation tim e (Fig. 4), 
show ing th a t eryth rocytes are ab le  to sustain  a 
productive infection  b y  both  viruses.
F a ilu r e  o f  F P /R  to  m u lt ip ly  in  e r y th r o ­
c y t e s .  E rythrocytes w ere infected  as described  
previously, and after l  h  at 37° C. ceils were 
w ashed, d isaggregated w ith  trypsin, and treated  
with pH  3 buffer so lu tion  as described above.
C ells w ere d isrupted in  culture fluids a t inter­
vals after in fection  and assayed on CEF m ono­
layers. N o  rise in th e  am ount o f  infectious virus 
present w as detected  (Fig. 4). T itrations were 
repeated  in suspension p laque assays (26) in  the  
presence o f  trypsin to  en h an ce infectivity (1 ,10). 
Again th e  level o f  in fectious virus present did  
not rise above th e  initial level o f  900 P F U /1 0 7 
ce lls  even  though A /P R /8 /3 4 , w hich requires 
trypsin for plaquing, w as assayed  successfully  
(T able 1). B y calculating th e  ratio o f  N P  syn th e­
sized in  CEF cells to  N P  synthesized  in eryth ­
rocytes, and by knowing th e  num ber o f  p laque­
form ing units synthesized  in  CEF cells, w e es ti­
m ated  that the in fectiv ity  in  erythrocytes w as 
over 400-fold less than  th e  expected  value (T able  
2). T h e  expected-observed ratios for H A  and N A  
are d iscussed in  th e  next section .
H e m a g g lu t in a t io n  b y  a n d  N A  a c t iv i ty  in  
F P /R - in fe c te d  e r y t h r o c y t e s .  Erythrocytes 
were infected, and residual inoculum  w as re­
duced as described for th e  preparation o f  cells  
for fluorescent antibody staining. Sam ples o f 
cells w ere rem oved at intervals and disrupted by 
ultrasonication on  ice. N o  hem agglutinating ac­
tiv ity  w as detected. Standard N A  assays incu­
bated for 1 h  a t 37°C  failed to give a positive  
result so  incubation w as continued for 30 h. T h is  
revealed  N A  activ ity  w hich  increased w ith  the  
duration o f infection (Fig. 5) and w hich was
H0U9S POST INFECTION
Fio. 4. Extent o f multiplication in erythrocytes of 
NDV, SFV, and FP/R. Cells (101/ml) were infected 
at 30 PFU/cell and then treated to remove inoculum 
as described in Materials and Methods. Samples 
were taken at intervals, and production o f infectious 
virus was measured by plaque assay.
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T able 1. Cell suspension plaque assay for the 
multiplication o f FP/R in erythrocytes'
V im . +  T rypsin —  T ry p s in
F P /R  in
erythrocytes
postinfection
(hours)
2.5 900* N T
3.5 600 N T
8.0 400 N T
12.0 <150 N T
24.0 <150 <150A/FP/Roetock* 8.9 X 10* 8.0 x  10*
A /PR /8/34* 3.1 x  10’ <10*
* Samples of erythrocytes were mixed w ith 2.5 ml 
of 3 X 10' CEF cells in suspension and dispersed in an 
equal volume of double-strength overlay medium con­
taining 20 pg of diethylaminoethyl-dextran and 100 ug 
of trypsin per ml. F P /R  and PR/8 were inoculated directly into the CEF suspension.
* Number of plaque-forming units per 10r erythro­
cytes.* NT. Not tested.
d Number of plaque-forming units per milliliter of 
virus suspension.
T a b l e  2. Synthesis o f PFU, HA, and N A  activities 
in FP/R-infected erythrocytes'
Cells infected PFU NA HA
Erythrocytes
Expected 6 X 10* 0.11 13.0Observed 1.5 X 10' 0.14* <0.6
Expected-observed 400 0.8 221.7
CKF 8.5 x  10v 17.(ri 2,000
" Expected values were calculated from the ratio of 
KD synthesized in CEF cells and erythrocytes, i.e., 
100:0.65 arbitrary Units (see text).
* Optical density at 549 nm per hour calculated from 
a 30-h incubation.r All figures are for 10' cells plus culture fluids.
* Optical density a t 549 nm per hour.
serologically  identical w ith  the F P /R  virion en ­
zym e (data not show n). It was ca lcu lated  that 
th e  ratio o f N P  to  N A  activity syn th esized  in 
erythrocytes is  sim ilar to  that in C E F  cells (Ta­
ble 2). H owever, th e  relative H A tite r  w as m ore 
than  6.5-fold lower than expected.
V ir a l p r o te in s  sy n th e s iz e d  b y  e r y th r o ­
c y t e s  in fe c te d  w it h  N D V  a n d  SF'V . Since  
th e se  v irtues m ultiplied in  eryth rocytes w e in­
vestigated  the syn th esis o f viral proteins. Figure 
6 sh ow s PAG E autoradiogram s o f c e lls  infected  
by th e  standard procedure w ith N D V  or SFV. 
In th e  former there was very litt le  detectable  
viral protein  syn thesis and in th e  la tter  there  
w as non e (compare w ith F P /R  in F ig . 2), even  
at tim es when infectious virus production  had  
increased by 100-fold. T h e  m ajor N D V  poly­
peptide appeared in th e  55,000 to  65 ,000  m olec­
u lar w eight region, w hich agrees w ith  a previous 
stu d y  (8). In  another experim ent, a  faint band  
w a s seen  in  SFV -infected eryth rocytes (data not 
sh ow n ), corresponding to  th e  en velop e protein.
D ISC U SSIO N
W e have show n that purified erythrocytes can  
b e infected  w ith  F P /R  and w ill syn th esize  viral 
proteins. C onfirm ation that leu k ocytes were not 
responsib le for viral syn thesis w a s  obtained  
w h en  a leukocyte preparation containing ap­
proxim ately 1 0 -fold more leu k ocytes than u n ­
fractionated  blood failed to  syn th esize  any d e­
tectab le  v iral proteins. T h e  q u estion  o f whether  
all erythrocytes were equally capab le o f  being  
in fected  or w hether the observed viral protein  
w as synthesized  by a few h ighly productive 
erythrocytes was resolved by fluorescent anti­
bod y  staining; N P  antigen was detected  a t a 
uniform  lev e l in all erythrocytes.
T o  our know ledge this is  th e  first account o f  
d e  novo infection  and synthesis o f  viral com po­
n en ts in erythrocytes. H owever, n o  infectious 
F P /R  w as produced by th e  in fected  erythro­
cy tes. T h is is not due to  an inab ility  o f  these  
ce lls  to form  progeny virus particles per se since  
tw o  other enveloped viruses (N D V  and SFV ) 
w ere able to  productively infect erythrocytes. 
T h e  am ounts o f viral com ponents or  infectious 
virus produced by erythrocytes are low com ­
pared w ith CEF cells, but since th e  numbers o f  
erythrocytes per individual bird are very large, 
there is considerable potential for virus produc-
H0URS POST INFECTION
Fio. 5. Synthesis o f active NA in FP/R-infected 
erythrocytes. Stunples of 1& erythrocytes were as­
sayed for the presence ofNA by incubation with fetuin 
for 30 h at 3VC. The initial value is thought to 
represent residual inoculum.
(M '
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a b o d e  f g
F i g . 6. PAGE o f proteins synthesized by erythro­
cytes an d  CEF cells infected with NDV or S F V  under 
the sam e conditions as those used in Fig. 2  for FP /R. 
Viral proteins a r t arrowed, (a) Noninfected CEF 
cells; (b) SFV-infected CEF cells both a and h pulsed 
with f u SJmethionine from 6 to 6.5 h postinfection; (c) 
SFV-infected erythrocytes pulsed from 9 to 9.5 h post- 
infection; (d) noninfected erythrocytes; (e) (f) NDV- 
infected erythrocytes pulsed 3 to 3.5 and 9 to 9.5 h 
postinfection respectively; (g) NDV-infected CEF 
cells. The experiment with (c), (e). and (f) was done in 
the presence of 3 pg o f actinomycin D per ml to reduce 
endogenous protein synthesis and enhance the detec­
tion o f  viral proteins. Nomenclature of S F V  and NDV  
proteins follows the conventions (7, 8}.
tion. H ow ever, w e h a v e  n o experim ental knowl­
edge o f  the significance o f  our findings to  path­
ogen esis.
T h e  production o f  infectious progeny virus 
w as n o t  related to  th e  am ount o f  new ly syn th e­
sized viral protein  accum ulating inside th e  cell, 
since th e  proteins specified  by SF V  and N D V  
were barely detectab le , w hereas the F P /R -d i-  
rected  syn th esis w as considerable. T h e  reason  
w hy n o  F P /R  progeny virions w ere form ed did 
not em erge. W e elim inated  th e  possibility  that 
it w a s d u e to  th e  failure o f  HA« to  he cleaved, by  
plaquing in th e  p resence o f trypsin w hich cleaves
HAo and  activates infectiv ity  (22, 25). Another  
reason for th is  lack o f  in fectiou s F P /R  could be 
associated  w ith th e  levels o f  functional HA  
found in  infected  cells (T ab le 2 ). S ince the rela­
tive  am ount o f  HAo p olyp ep tid e was normal, 
th e  absence o f  functional p rotein  m ay be due to  
a  d efect in posttranslational m odification (evi­
denced  perhaps b y th e  ab sen ce  o f H A]), al­
thou gh  th e  erythrocytes ev id en tly  carry out 
analogous processing on N D V  and  SFV. H ow ­
ever, th ere are m any other p ossib le  defects in 
virion form ation w hich m ight account for the  
lack  o f  production o f  in fectiou s virus observed. 
E ven  so , we have not ruled o u t th a t  erythrocytes 
are m aking very low  levels o f  infectious virus. 
T h is  possib ility  is relevant to  th e  “recycling” 
hyp oth esis o f  antigenic sh ift in  th e  antigenicity  
o f  influenza viruses, w hich p rop oses that strains 
lie  dorm ant and reem erge la ter  to  infect hum ans 
w hen  herd im m unity falls to  a n  ineffective level 
(20). A s yet n o  source o f  persisten t or chronic 
in fection  o f  influenza has b een  identified.
W hile th is work w as in  progress a  parallel 
arose betw een  the F P /R -ery th ro cy te  system  and 
th e  coupled  transcription-translation in vitro  
system  (9, 31). T h e  eryth rocyte  nucleus is dor­
m ant (com pared w ith a norm al dividing cell) 
and th e  in vitro system  d oes n o t require nuclei 
for the synthesis o f  viral p roteins. T h is possibil­
ity  was tested  by the u se o f  actinom ycin D , 
w hich d oes not inhibit th e  in  v itro  system  (31), 
but w hich abolished the sy n th esis  o f F P /R  pro­
tein s in erythrocytes, show ing th a t nuclear func­
tio n ^ ) w ere indeed operating (Cook, A very, and  
D im m ock, m anuscript in preparation). T h e  fail­
ure o f rabbit erythrocytes, w h ich  are enucleate, 
to  synthesize F P /R  proteins is  consistent with  
th is involvem ent o f  th e  n u cleu s (unpublished  
data).
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1. Introduction
The genom e o f  avian in flu en za  type A  viruses com ­
prises eight segm ents o f  v R N A  [ 1 - 4 ]  w h ich  are com ­
plem entary to  viral m R N A  [5 ,6 ] ,  The la tter  are 
m onocistronic and cod e f o r  the fo llow ing proteins in  
descending order o f  MW: P I , P2, P3, H A , N P, N A , M 
and N S | [7 —10]. N S i and  a n  additional virus speci­
fied protein N S j are fo u n d  o n ly  in in fected  cells [11 — 
1 3 ] . The o ther proteins a re  constituents o f  the virion.
P I , P2 and P3 are lo c a te d  together w ith  VP and 
vR N A  inside the virion in  a n  RNP co m p lex  w hich w ill 
synthesise com plem entary R N A  in vitro [8 ,1 4 ,1 5 ] .  
G enetic evidence con firm s that the P proteins are 
concerned w ith  transcrip tion  and further that they  
have a role in  replication ( s e e  reviews [1 6 ,2 3 ]) . The 
precise functions o f  P I -3 a re  unknow n although a 
m utant, defective in the P 2  gene (cod ing  for the PI 
protein [21 ] )  failed to  transport viral R N A  from  the  
nucleus [1 6 ] .
Influenza virus m ultip lication  is a b so lu tely  
dependent upon the ce ll n u cleu s, requiring initially  
DNA -dependent R N A  p olym erase II activ ity  [1 7 ,1 8 ]  
to  synthesise functional viral message [ 1 9 ] ,  Later in  
in fection , new ly sy n th esised  v and m R N A  [1 9 —21 ] 
and NP, M and N S | p ro te in s  are found  in  the nucleus 
[2 2 ,2 3 ]. T he various fu n c tio n s  o f  these  com p onents  
in the nucleus is u n k n o w n , although it is  suggested  
that vR N A  synthesis o c c u r s  in that loca tion  [2 1 ,2 4 ]  
and that assem bly o f  v R N A  and p rotein s destined for 
progeny virions takes p la c e  there [2 3 ] .
Identification o f  th e  lo ca tio n  o f  P  proteins in 
in fected  cells is d ifficu lt because th ey  are synthesised  
in low  am ounts. H o w ev er , their involvem ent in viral 
RNA synthesis s t im u la tes investigation and w e report
here o n  the transfer o f  new ly synthesised P I , P2 and 
P3 proteins to  the nuclei o f  in fected  cells.
2 . Materials and M ethods
2 .1 . Cells and virus
C hick em bryo fibroblast m onolayers w ere infected  
w ith  avian influenza virus A /F P V /R ostock /34  
( H a v lN l)  as described before [2 5 ] . Nuclei were 
o b ta in ed  by the “ nuclear m onolayer m ethod” [26 ] in 
w h ich  the cell m onolayer is washed w ith non-ionic 
d etergent (2%  N P 40 in PBS at 4°C ). This treatment 
leaves nuclei in situ  and they  are then scraped o f f  and 
further purified b y  washing in 0 .2 5  M sucrose, 0.01  
M T ris pH 7 .4 ,1  mM MgClj.
2 .2 . R adiolabelling an d  analysis o f  p ro te in s
Before adding radiolabel, cells were rinsed and put 
in to  Earle’s saline w ith  4% foetal ca lf serum (dialysed  
against saline). 10  m in later, cells were pulsed for 
15 m in with 1 m l saline containing 100 p d  |**S]-  
m eth ion ine (sp ec. act. 8 0 0  C i/m m ol; Radiochem ical 
C en tre, Amersham). M onolayers w ere rinsed three 
tim es with m edium  199 containing 5% newborn calf 
serum  and 7 .5  p g /m l unlabelled m ethionine and 
incubation  was continued  in  the sam e m edium . Pro­
te in s  were analysed b y  polyacrylam ide gel electro­
phoresis on a linear gradient o f  acrylamide (1 0 —30%  
w /v  [27] and the dried gel was autoradiographed.
3 .  Results and Discussion
Fig. 1(a) show s the overall distribution o f  viral 
proteins in nuclei at various tim es after labelling
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Fig. 1 .(a) Polyacrylamide gel electrophoresis of proteins from nuclei of CFF cells infected with A/FPV/Rostock/34 and radio- 
labelled for 10 min with 5S]methionine at 4 h p.i. (A); incubated for an additional 10 min in the absence of radiolabel (B); and 
tor an additional 2 h in the absence of radiolabcl (C). Noil-infected cells (Nl) were labelled fur 10 min in parallel with (A).
Marker radiolabelled virions (V) were also analysed, (b) The right hand panel shows an enlargement of the region containing the 
P proteins.
togeth er w ith a [3sS]m ethionine-labelled  virion 
m arker [28 ] which clearly show s the separated P i , P2 
and P3 proteins. N uclei isolated im m ediately  after the 
pulse contained large am ounts o f  NP, M and N Si as 
previously reported [2 3 ] . A lso present in  nuclei are at 
least four proteins migrating ahead o f  N S , (labelled  
a —c )  w hich are sim ilar in size to  those reported by  
others [1 2 ,1 3 ]. A photographic en largem ent o f  the 
region o f  the gel resolving the high m o l. w t. proteins 
was m ade to m ore easily  distinguish b etw een  viral and 
cellular proteins (F ig . lb ) . After pulsing a; 4  h p.i. for 
10 m in , P I , P2 and P3 were present in approxim ately  
equal am ounts in w h o le  cell extracts (d a ta  not 
sh o w n ) but isolated nuclei contained o n ly  PI and P3.
Thus at this stage P2 was confined to  the cy top lasm . 
There was no change in distribution o f  the P p rotein s  
after an additional 10 min incubation in unlabelled  
m edium  but after 2 h incubation (to  6  h p.i.) P 2 was 
present in nuclei in about the same am ounts a s PI 
and P 3.
This report show s that P2 behaves d ifferen tly  
from  PI and P3 in regard to its transfer to  the ce ll  
nucleus. In conjunction  w ith genetic studies [ 2 1 ] ,  
w hich show  that virus with a m utation in P3 is  
d efic ien t in vRNA but not cR N A  synthesis, o u r  data  
sh ow in g rapid transfer o f  P3 in to  the nucleus are 
con sistent w ith  the suggestion that rRNA is sy n th e­
sised in  the nucleus. Further studies are in progress to
243
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investigate the significance o f  the initial exclu sion  o f  
n ew ly  synthesised P2 from the nucleus.
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Su m m ary
T he M p rotein  o f av ian , but n o t hum an, strains o f influenza A  v iru ses is 
sy n th esized  in  in fected  ch icken  ery th ro cy tes. In  dual in fection s an  av ian  strain  
com p lem en ted  th e  hum an virus and  b oth  th e  hum an and  a v ian  M proteins were 
exp ressed .
•
W e recen tly  reported  th a t purified ch ick en  ery th ro cy tes could be in fected  
w ith  an  a v ia n  strain  o f ty p e  A in flu en za  v iru s (4). N o  in fectiou s p rogen y were 
d e te c te d  but v iru s proteins were sy n th esized  to  ab ou t 0 .7  per cent o f th e  am oun t  
m ad e in a ch ick  em b ryo  fibroblast (C E F ) cell. T he rela tive  proportion  of proteins  
w a s sim ilar in  b o th  cell typ es. In  th is  report w e describe th e  a b ility  o f th e  ch icken  
ery th ro cy tes  to  su p p ort th e  sy n th esis  o f hum an ty p e  A  influenza virus proteins.
E ry th ro cy tes  were ob ta in ed  from  13 d a y  chicken em b ryos o f a  hybrid strain  
d eriv ed  from  a L ight S ussex  fem ale and  a CO 20 m ale. Cells were purified  by  
sed im en ta tio n  through  F icoll (Sigm a C hem icals L td ., P oo le , D orset) (4). N o  w h ite  
c e lls  could lie  d e tec ted  in  th e  purified preparation . A ll o th er  experim ental proce­
d u res in v o lv in g  in fection , radiolabelling  and  an alysis o f v iru s proteins b y  p o ly ­
acry lam id e g e l e lectrop h oresis (P A G E ) w ere a s p rev iou sly  described (4).
T he sy n th esis  o f v iru s proteins in  ery th rocy tes in fected  w ith  A /W S N  (H O N  1) 
is  show n in  F ig . 1. A lthou gh  N P  an d  N S I were clearly p resen t from 3 .5  hours p .i. 
n o  M w as d e te c te d  ev en  a t 9 .5  hours p .i .  N o  M protein  w as detected  in sim ilar  
exp er im en ts w ith  o th er  hum an stra in s includ ing A /N W S , A /P R /8 /3 4  ( H 0 N 1 ) ,  
A /J a p a n /3 0 5 /5 7  ( H 2 N 2 )  and A /H K /1 /6 8  (H 3 N 2 ) . T h ese resu lts in  F ig . 1 can  be 
com pared  w ith  a  tim e  course o f th e  sy n th esis  of p rotein s d irected  b y  th e  av ian  
stra in  A /F P V /R o s to c k /3 4  ( H a v l N . )  (F ig . 2). P I ,  P 2 , P 3 , N P  and  N S I  w ere all
0304-880 8 /8 0 /0 0 6 5 /0 3 1 9 /$  01 .20
320 K . K. Co o k . K . .1 A v k k y , a n d  N . J .  D im m o c k :
d e te c ta b le  a t 2 .5  hour» pout in fection  (p .i .)  while M w as present in su b stan tia l 
a m o u n ts  a t 3 .5  h ou rs p .i.
I n  av ian  v iru s-in fected  ery th r o c y te s  th ere was an u n identified  protein, sligh tly  
sm a lle r  than H A  (F ig . 2) w h ich  com igrated  w ith a cellu lar protein . U nlike cellular 
p r o te in s  such as a c tin . its s y n th e s is  increased  and  was m ainta in ed  during infection . 
It a p p ea rs  to  I«- e ith er  a p r iv ileged  ce llu la r  protein  or a n  unknow n viral protein. 
B o th  th e  k in etics  o f  sy n th esis  o f  F P /R o s to c k  proteins and  th e  sh u t-off o f cell
Fig . 1. PA G E of p ro te in  sy n th esis  by A /W 8N  in e ry th ro cy te s  from 13 ilay old chick 
e m b ry o s . Infected  ( i )  nad  non-in fectod  ifni) m arkers of C E F  cells are  included. Cells 
w ere in fec ted  w ith  30 PF U /eell a n d  labelled  w ith  100 gC i/m l/lO 7 cells **8-methionine 
for 3 0  m inutes. E ry th ro c y tes  w ere  h a rv es ted  a t the  tim es indicated in hours p.i.
ac ac tin . g globin
p r o te in  sy n th esis  in  ery th ro cy tes  were sim ilar to  th ose fou n d  earlier in C E F  cells 
(15) in d ica tin g  th a t  in  th is regard  virus exp ression  w as u n affected  by the unusual 
stru c tu ra l and m etab o lic  fea tu res o f ery th ro cy tes. T h is w as surprising as th e  h ighly  
d ifferen tia te d  an d  n o n -d iv id in g  s ta te  o f  a v ian  ery th ro cy tes (6. 10. 16. 17. 22), 
lack  o f  en d op lasm ic reticu lum , presence o f  few  rib osom es and m itochondria (6. 
18, 2 1 .  2) and  a  nucleus w h ich  sy n th esize s  little , if a n y , DN’A and on ly  trace 
a m o u n ts  of R N A  ( I ,  7, 9 , 11, 2 0 , 22) m igh t have been ex p ee ted  to  set them  apart 
from  re la tiv e ly  n on -d ifferen tia ted  d iv id in g  cells.
T h e  in a b ility  o f  certain  ce ll lines to  sy n th esize  M p rotein  has l>een n oted  by 
o th e r s  (3, 8, 19) b u t th is  is th e  f ir st in sta n ce  o f th e  defect b e in g  virus strain specific. 
S in ce  F P /R o sto ck  syn th esized  M w hile th e  hum an in flu en za  strains d id not. w e set
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Up a  “ co m p lem en ta tio n ” exp erim en t in  w hich ce lls  were d u a lly  in fected  w ith  
b oth  a hum an and an  a v ia n  strain . W e ch ose A /F P V /D u tch /2 7  (H a v  1 N eq  1) and  
A /N W S  as the ir  M p ro te in s m igrated  at s lig h tly  d ifferent ra tes on P A G E . F ig . 3 
sh ow s th a t in th e  m ix ed  in fection , th e  M protein  o f both  th e  av ian  strain  an d  the  
hum an strain  were sy n th esized  and  were present in  com parable am ou n ts. T hus 
th e  ery th rocy tes are n o t  in tr in sica lly  d efic ien t in th e ir  a b ility  to  m ake h u m an  M 
p rotein . A p p aren tly  exp ression  o f M h as to  be sw itch ed  on b y  som e v iru s fu n ction  
w hich th e  hum an stra in  can n ot prov id e in  ery th ro cy tes but a v ian  stra in s can . Thus
Fiji- 2. P A G E  of p ro te in s  synthesized in F P -R /in fec ted  e ry th ro cy te s . In fec ted  ( i)  
and  non-infectod (n i )  C E K  cells an d  MS-m etliionine-labolled v irions f  l ’)  (6) a re  includ ­
ed as m arkers. E x p erim en ta l conditions a re  described in  Fig. 1. An un iden tified  pro tein  
w hich increases a f te r  infection  is arrow ed ( «  )
we conclude th a t exp ression  o f M is  an  even t w hich is  d irectly  or in d irectly  
consequent upon so m e  earlier viral fu n ction . W e have n o  in form ation  a s  to  its  
nature b u t there is ev id en ce  th a t  a h ost ce ll fu n ction  is in vo lved  sin ce  d ifferentia l 
in h ib ition  of M has b een  observed  in  cells treated  w ith  graded d oses o f a ctin om ycin  
D (A M D ) or ca m p to th ec in  (13) or irrad iated  w ith  U V -ligh t prior to  in fectio n  (12, 
14). F ig . 4 show s th a t  in  in fected  ery th ro cy tes trea ted  w ith  A M D  a t  con cen tra­
tio n s o f 0.1 to  0 .3  p g /m l M protein  sy n th esis  is p articu larly  sen sitiv e  to  inh ib ition .
T h u s we have a s itu a tio n  w here cellu lar varia tion  (3, 8 , 19), var ia tion  o f  virus 
stra in s (th is report) o r  th e  actio n  o f  in h ib itors (12— 14) can  d ifferen tia lly  inh ib it  
th e  expression  of th e  M protein . W e d o  n o t as y e t  know  w h y  o n ly  th e  M protein  
is a ffected , or w h at th e  underly ing m echanism s o f  th is  e ffec t are.
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Fig. 4. In h ib i tio n  of syn thesis  of F P /R  p ro te in s  in  e ry th ro c y te s  p re tre a te d  w ith  various 
co n cen tra tio n s  o f  AMD for 1 h o u r before an d  th ro u g h o u t in fec tion . Cells w ere labelled  
from  5 to  0 h o u rs  p .i. as described  in Fig. 1. a  non -in fec ted , b in fec ted  ccdls w ith o u t 
A M D ; w ith  A M D  a t  0.01 ( c ) ,  0.03 ( d ) ,  0.1 ( e ) ,  0 .3 ( j ) ,  1.0 (g )  a n d  3.0 jxg/ml ( h ) .  
a  to  /  a n d  g, h a re  from  s e p a ra te  expc»riments
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